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SIRE-LINE VARIATION IN NEONATAL  
LAMB COLD TOLERANCE. 
By B.W. Gudex  
 
The cost  of  lamb mortal i ty  caused by cold exposure has  been 
est imated at  approximately 40 mil l ion dol lars  per  year .   This  value is  
probably conservat ive as  i t  does  not  include the cost  due to  the 
reduct ion in  product ivi ty  in  hypothermic lambs that  manage to   
survive or  the cost  of  reduced select ion potent ia l  of  this  research was 
to  invest igate  whether  s i re- l ine var ia t ion exis ts  in  neonatal  lamb  
cold tolerance and whether  polymorphism in the  3  adrenergic  
receptor  gene can be used as  a  genet ic  market  for  lamb cold  
tolerance and lean muscle  growth.   The inf luence of  the c l imate ,  
bir thweight ,  age of  dam at  lambing,  gender  and bir th  rank on 
neonatal  lamb cold tolerance was also analysed.  
 
Neonatal  lamb mortal i ty  due to  sold exposure was analysed in  
four  f ie ld  t r ia ls  that  used neonatal  lamb moral i ty  from cold  
exposure as  a  predictor  of  neonatal  lamb cold tolerance.   Sire- l ine 
var ia t ion in  neonatal  lamb morali ty  was observed in  a l l  t r ia ls ,   
though i t  appeared that  this  effect  was largely mediated through  
s i re- l ine var ia t ion in  lamb bir th  weight .   Variat ion in  lamb bir th  
weight  between bir th  rank classed was also found to  be  
responsible  for  the inf luence of bir th  rank on neonatal  lamb  
mortal i ty  due to  cold exposure.   The age of  dam at  lambing and the 
lamb gender  was not  observed to  influence neonatal  lamb mortal i ty   
due to  cold exposure.  
The s i res  f rom the cold tolerance s tudy and the progeny of  the 
lean muscle  growth s tudy were genotyped for  the  3  adrenergic  
receptor  locus.   Other  s tudies  have found evidence that  a  major  gene 
exis ts  in  the catecholamine s t imulat ion of  brown adipose 
thermogenesis  and evidence that  the   3 -AR gene is  a  l ikely 
candidate .   However ,  this  hypothesis  and the hypothesis  that   
polymorphism in  the   3 -AR gene is  a lso l inked to  lean muscle  
growth in  lambs was  not  confirmed in  this  s tudy.   So while  i t   
appears  that  the resul ts  were confounded by experimental  design,  
there  is  evidence that  inf luence of  polymorphism in the ovine  3  AR 
gene on neonatal  lamb mortal i ty  and/or  lean muscle  growth is  not   
suff ic ient  to  be considered a  major  gene effect .  
 
The implicat ions of  this  experiment  on the sheep industry and 
sheep farmers  in  general  are  huge.   While  completely e l iminat ing 
lamb deaths  due to  inadequate  cold tolerance is  impossible ,  th is  
s tudy shows that  large gains  in  lamb survival  could be possible  
through select ive breeding.  
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Chapter 1: Literature Review. Sire Line Variation in 
Neonatal Lamb Cold Tolerance 
 
Neonatal  lamb mortal i ty  represents a  large loss  to  New Zealand 
sheep farming.  Not  only is  the industry affected by the direct  loss  of  
the dead lambs,  but  genet ic  potent ia l  (and hence future  product ion)  
is  a lso reduced through having fewer  lambs at  weaning and fewer  
r is ing adul ts  f rom which f lock replacements  can be selected (Dal ton,  
1983) .  This  loss  has  been valued in  the Sheep Improvement  Limited 
(S.I .L.)  genet ic  improvement  system as  varying between $34 per  
lamb born,  for  dual-purpose breeds to  $28 for  terminal  s i re  breeds 
and $23 for  f ine wool  breeds of  sheep (Amer,  2000) .  Within New 
Zealand i t  has  been est imated that  an average of  f i f teen percent  of  
a l l  lambs born die  before  weaning each year  (McCutcheon et  al .  
1981) .  Of these deaths ,  an average of  15% is  thought  to  be due to  
cold exposure (Gumbrel l  & Savi l le ,  1986 -  Figure 1) ,  a l though this  
can r ise  to  90% of  neonatal  lamb deaths  under  extreme weather  
condi t ions (Obst  & Day,  1968) .   
 
The magni tude of  this  loss  of  lambs is  i l lust ra ted by the fact  
that ,  the  weight  of  meat  and wool  produced each year  is  more 
dependent  upon the total  number  of  lambs that  survive to  weaning,  
than upon the individual  performance of  the lambs (Sidwell  et  al . ,  
1962;  Lax & Newton-Turner ,  1965) .  Therefore  assuming that  i t  i s  
her i table ,  i t  could be concluded that  select ion for  enhanced lamb 
survival  is  economical ly  more important  than select ion for  
product ion t ra i ts .  
 
Figure 1:  Causes of Death in Neonatal lambs Under New Zealand 
Conditions (Data from Gumbrell & Saville, 1986).  
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1.1 METHODS OF ESTIMATING NEONATAL LAMB COLD 
TOLERANCE 
 
There are  two main techniques that  are  commonly used to  
es t imate  neonatal  cold tolerance,  f ie ld  t r ia ls  and the use of  a  
progressively cooled water  baths  to measure  the  lambs’  abi l i ty  to 
maintain homothermy.  The use of  f ie ld  t r ia ls  using neonatal  cold 
mortal i ty  a l lows the analysis  of  neonatal  cold tolerance under  
‘ typical’  farming condi t ions.  However ,  th is  method has  some large 
disadvantages .  I t  i s  very labour  intensive and,  for  accuracy,  i t  
requires  the use of  autopsies  to  diagnose cold exposure deaths  
(Haughey,  1993) ,  though the depression in  rectal  temperature  15-25 
minutes  af ter  bir th  (Sykes et  al . ,  1976)  has  been successful ly  used in 
a  f ie ld  t r ia l  to  es t imate  neonatal  lamb cold tolerance.  A diagnosis  of  
lamb death from inadequate  cold tolerance in  f ie ld  t r ials  has  a lso 
been successful ly  made based upon direct  observat ions made by the 
shepherd(s)  (Purser  & Young,  1964) .   
 
The classif icat ion of  cold death using autopsies  is  diff icul t  
owing to  the diff icul t ies  in  separat ing lamb deaths  f rom exposure 
f rom those from simple s tarvat ion based on pathological  
observat ions (McCutcheon et  a l . ,  1981) .  The reason for  this  is  that  
when a  lamb dies  f rom ei ther  s tarvat ion or  exposure the pr imary 
cause of  death is  the exhaust ion of  the body’s  energy reserves  and 
there  is  a  large amount  of  interact ion between the two syndromes 
(Figure 2) .  
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Figure 2:  Starvation - Exposure interactions (adapted from 
McCutcheon et al. ,  1981). 
 
The most  commonly used autopsy technique was ini t ia l ly  
developed in  the Hawkes Bay dis t r ict  of  New Zealand (MacFarlane,  
1965)  and la ter  ref ined at  the Univers i ty  of  Sydney,  Austral ia  
(Haughey,  1973) .  However ,  major  inaccuracies  have been ident i f ied 
in  this  technique.  The per ipheral  oedema (swollen t issue in  the 
extremit ies  ( l imbs,  ta i l ,  ears  and muzzle)  due to  the presence of  
excess  f luid)  considered indicat ive of  cold injury by Haughey (1973)  
is  not  seen in  many lambs that  die  soon af ter  bir th  in  inclement  
weather ,  even though i t  i s  of ten seen in  lambs dying more s lowly in  
bad weather  af ter  having suckled (Alexander ,  1985) .  Haughey (1980)  
a lso found that  some lambs born by caesarean sect ion (7.1%) 
exhibi ted at  least  one meningeal  les ion ( injury to  one or  more of  the 
three membranes enveloping the brain and/or  spinal  cord)  that  was 
normally considered indicat ive of  dystocia  (diff icul t  or  prolonged 
bir th) .  No explanat ion was found for  this  as  i t  was thought  that  
meningeal  les ions only occurred as  a  consequence of  physiological  
bir th  t rauma and hypoxia ,  both condi t ions that  don’t  occur  in  
caesarean sect ion lamb bir ths .   As a  consequence,  when using this  
autopsy technique,  i t  appears  that  dystocia  is  commonly 
overest imated (as  shown f igure 1 ,  where dystocia  was thought  to  be 
involved in  75% of  lamb deaths) .  Another  disadvantage of  using 
f ie ld  t r ia ls  to  measure cold res is tance is  that  the weather  can be an 
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unrel iable  tes t ing agent  and is  very hard to  predict  accurately  in  
advance (Slee,  1985) .   
 
Because of  the diff icul t ies  involved with using autopsies  to  
diagnose deaths  f rom inadequate cold tolerance,  a  laboratory 
technique was developed at  the  Animal  Breeding Research 
Organisat ion (ABRO),  Edinburgh,  Scot land that  a l lowed the 
measurement  of  a  lambs abi l i ty  to generate  heat  and maintain 
homeothermy (Samson & Slee,  1981;  Slee & Stot t ,  1986) .  This  
technique involved immersing lambs in  a  progressively cooled water  
bath and measuring how long i t  took for  the lamb’s  rectal  
temperature  to  fa l l  to  a  predetermined level .  This  research has  s ince 
been repl icated by other  researchers  in  New Zealand (Wolff  et  al . ,  
1987)  using different  breeds and the resul ts  have shown,  with very 
few except ions,  that  lambs from high cold resis tance l ines  ( tested in  
water  baths)  a lso tend to  show the highest  cold res istance in  the 
f ie ld  and the lowest  cold induced mortal i ty  (Slee et  al . ,  1980;  Slee,  
1985) .  Unfortunately,  the accuracy of  this  technique is  l imited 
because i t  does  not  account  for  the  amount  of  thermal  insulat ion 
provided by the newborn lamb’s  bir th  coat  as  accurately as  other  
techniques (Slee et  al . ,  1980;  Samson & Slee,  1981) .  I t  i s  fur ther  
l imited because i t  fa i ls  to  take into account  the e i ther  the heat  
produced or  conserved by behavioural  mechanisms such as  huddl ing 
and movement .   
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1.2 HEAT PRODUCTION IN NEW-BORN LAMBS 
 
Heat  product ion ( thermogenesis)  in  the newborn lamb is  
important  as  i t  moves f rom the environment  in  the womb (39C),  to  
the outside world where the ambient  temperature can be below 0C.  
To counter  the lower  temperatures  of  the external  environment ,  most  
lambs are  able  to  generate  approximately 60-70 kJ  of  heat  per  kg of  
body from their  reserves  of  l iver  and muscle  glycogen,  amino acids  
and brown adipose t issue.  These reserves  are  normally  suff ic ient  to  
maintain a  lambs body temperature  for  between 5 to  12 hours  in  cold 
weather  and up to  3-4 days in  good weather ,  depending on the lambs 
s ize  and prenatal  nutr i t ion (Alexander ,  1962;  Slee,  1979) .  
 
Heat  product ion in  newborn lambs occurs  by two mechanisms:  
shiver ing and non-shiver ing thermogenesis  (Figure 3) .  Both of  these 
mechanisms are  act ivated within minutes  of  a  lamb being born and 
they have been est imated to  contr ibute  46% and 31%, respect ively,  
of  a  newborn lamb’s  summit  metabol ism ( the highest  a t ta inable  
metabol ic  ra te  in  response to  cold exposure)  (Alexander  & Wil l iams,  
1968) .  However ,  shiver ing thermogenesis  is  a  comparat ively 
ineff ic ient  method of  producing heat ,  as  i t  a lso increases  the amount  
of  heat  lost  by the lamb by disrupt ing the boundary layer  of  a i r  
around a  lamb,  thus  reducing the external  insulat ion (Clarke et  al . ,  
1997) .  The muscle  movement  involved in  shiver ing can also 
interfere  with  the  lamb’s  abi l i ty  to  f ind the udder  and suckle .  I t  i s  as  
a  consequence that  non-shiver ing thermogenesis  is  act ivated before  
shiver ing in  order  to  avoid these diff icul t ies  (Alexander ,  1984) .   
 
Brown adipose t issue (BAT) is  the pr inciple  s i te  of  non-
shiver ing thermogenesis  in  the newborn lamb.  BAT accounts  for  
approximately 1 .5  –  2 .0  % of  the newborn lambs body weight  
(Alexander  & Wil l iams,  1968)  and is  located mainly in  the per i renal-
abdominal ,  inguinal  and prescapular  areas  of  the lamb (Alexander ,  
1978) .  BAT differs  f rom white  adipose t issue (WAT) in  that  i t  
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possesses  more extensive vascular isat ion and sympathet ic  
innervat ion and has  more mitochondria  which are  larger  and more 
complex than those found in  WAT (Himms-Hagen,  2000) .   
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Figure 3:  Thermoregulation in mammals. A complex network of 
activities involving both the nervous and endocrine systems 
(adapted from Curtis & Barnes, 1989). 
 
The mitochondria  within BAT give i t  i t s  colour  and they 
contain a  32 kDA protein on their  membrane cal led uncoupl ing 
protein  (UCP).  Unt i l  recent ly  i t  was thought  that  there  was only one 
type of  UCP (UCP-1) .  However ,  in  1997 two fur ther  subtypes of  
UCP were  ident i f ied (UCP-2 and -3) ,  though their  funct ion in  BAT 
has not  yet  been ident i f ied (Himms-Hagen,  2000) .  UCP-1 is  
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responsible  for  the uncoupl ing of oxidat ive phosphorylat ion from 
mitochondrial  respirat ion (adenosine t r iphosphate  (ATP) synthesis) ,  
which enables  the BAT to generate  large amounts  of  heat  (Carstens  
et  al . ,  1997;  Clarke et  al . ,  1997) .  This  mechanism appears  to  be 
s t imulated by a  number  of  different  endocrine factors ,  including 
thyroid hormones and catecholamines (Figure 4 ,  Alexander  & 
Wil l iams,  1968;  Clarke et  al . ,  1997) .  
 
  COLD            Brown Fat Cell 
                                          
          HYPOTHALAMUS                         
            3-ADRENERGIC        CAPILLARY 
   SYMPATHETIC NERVE     RECEPTOR         MITOCHONDRIA      
                
               noradrenaline                 HEAT 
                                                      Gs             C   uncoupled       CO2  O2 
          oxidation             uptake 
                            ADENYLATE         
                              CYCLASE       UCP-1            FFA 
                                                   -            
          cAMP  PKA    HSL      FFA     
                    
                      Transcriptional       
      regulation of genes required     
               for lipolysis & thermogenesis     NUCLEUS 
                including the genes for    UCP    
               & LPL 
                  T3 receptors     
                                                      1 -ADRENERGIC                 
       RECEPTOR           
      Type II iodothyroxine  
            5’  monodeiodinase 
             THYROID       
              GLAND            T4                                          T4                                   T3                               T3 
 
Figure 4:  Some fac tors  control l ing non-shiver ing thermogenesis  
(Adapted from Gunn & Gluckman 1989) .   
 
The s t imulat ion of  the sympathet ic  nervous system (Figure 4)  
leads to  the re lease of  noradrenal ine,  which binds to  the 3 -
adrenergic  receptors  (AR).  The  3 -AR in turn st imulates  the act ivi ty  
of  adenylate  cyclase ,  which resul ts  in  increased intracel lular  
concentrat ions of  cycl ic  adenosine monophosphate  (cAMP -  Gunn & 
Gluckman,  1989) .  The amplif ied intracel lular  concentrat ions of  
cAMP are then responsible  for  s t imulat ing the t ranscr ipt ion of  
several  genes important  for  thermogenesis  including the genes 
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responsible  for  l ipoprotein l ipase (LPL – required for  l ipolysis  of  
t r iglycer ides  to  fuel  thermogenesis)  and UCP-1 expression (Gunn & 
Gluckman,  1989;  Himms-Hagen,  1990) .  The thyroid hormone,  t r i -
iodothyronine (T3)  is  a lso involved in  regulat ing the expression of  
the gene coding UCP-1 (Figure 4) ,  though the main enzyme 
responsible  for  the conversion of  thyroxine (T4  – the inact ive 
thyroid hormone)  to  T3  in  BAT is  a lso regulated by noradrenal ine.  
Noradrenaline stimulates (via 1-adrenergic receptors) the activity of 
type II iodothyroxine 5’ monodeiodinase by up to 10 times within 2 
hours of exogenous injection of noradrenaline (Silva & Larsen, 1983). 
 
The increased adenylate  cyclase  act ivi ty  a lso promotes  the 
act ivat ion of  cAMP-dependent  protein kinase A (PKA) which is  
responsible  for  the act ivat ion of  hormone-sensi t ive l ipase (HSL).  
HSL catalyses  the ra te  l imit ing s tep in  t r iglycer ide breakdown and 
l ipolysis ,  providing free  fa t ty  acids  (FFAs)  for  the s t imulat ion of  
UCP act ivi ty  resul t ing in  heat  product ion (Himms-Hagen,  1990) .   
Blood f low to and from BAT is  then enhanced in order to deliver 
oxygen and other substrates required for the thermogenic process, and 
to remove and distribute the heat produced (Slee et al. ,  1987; Carstens 
et al. ,  1997). This change in blood flow is regulated by noradrenaline 
and can be as much as 5 or 6 times the normal blood flow in lambs 
(Gunn & Gluckman, 1989).  
 
Adenosine is also responsible for regulating the metabolism of 
BAT and is thought to be responsible for inhibiting BAT activity in the 
foetus. Adenosine inhibi ts  the  increase of  cAMP caused by  3 -
adrenergic  receptor  s t imulat ion and the increase in  type II  
iodothyroxine 5’  monodeidinase act ivi ty  caused by 1 -
adrenoreceptor  s t imulat ion (Gunn & Gluckman,  1989) .    
 
In  addi t ion to  i ts  body reserves ,  the  lamb is  able to  ut i l ise 90% 
of  the energy suppl ied by ewe colostrum (7.3 MJ/kg)  for  
thermogenesis  (Vermorel  & Vernet ,  1985) .  However ,  hypothermic 
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lambs (with rectal  temperatures  below 37C) appear  to  have a  
suppressed desire  to  suckle  (Alexander  & Wil l iams,  1966) .  
Experiments  have shown that  usual ly  80% of lambs wil l  suckle  
within 30 minutes  of  bir th  when the average ambient  temperature  is  
27C, but  when the temperature  is  reduced to  5C i t  takes  100 
minutes  for  the same proport ion (80%) of  lambs to  suckle  (McBride 
et  al . ,  1967) .  The suckl ing inhibi t ion is  possibly a  response to  
conserve energy and appears  to  be mediated via  the central  nervous 
system (Alexander  & Wil l iams,  1966) .   
 
Of  a l l  of  the  factors  involved in regulat ing fat  mobil isat ion and 
thermogenesis  in  the newborn lamb,  the role  played by 
catecholamines and their  associated receptors  ( the adrenergic  
receptors)  appears  to  be the most  prominent .  Other  factors  l ike  
thyroid hormones,  adenosine,  HSL,  PKA and UCP also play essent ia l  
roles  in  the regulat ion of  fa t  mobil isat ion and thermogenesis ,  though 
i t  would appear  that  their  roles  are  not  as  prominent  and less  diverse  
as  those played by catecholamines and their  receptors .   
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1.3 THE THERMAL INSULATION OF NEW-BORN LAMBS. 
 
Newborn lambs are  remarkably capable  of  res is t ing cold 
temperatures  in  dry s t i l l  a i r  condi t ions .  Studies  have shown that  
newborn lambs can maintain  homothermy at  temperatures  as  low as  -
5C (Alexander ,  1961) .  However ,  the  ambient  temperature  a t  which 
a  lamb can maintain  homeothermy is  ra ised in  the presence or  wind 
and/or  ra in .  Wind dis turbs  the amount  of  a i r  t rapped in  the f leece,  
which is  the chief  determinant  of  the amount  of  insulat ion provided 
by the lamb’s  bir thcoat  (Figure 5) .  Thus an increase in  wind speed 
from 0.1 m/s  to  2  m/s  can decrease f leece insulat ion by as  much as  
30 % (Mount  & Brown,  1982;  Sykes,  1982) .   A wet  bir thcoat  caused 
by rain  or  the amniot ic  f luids  present  a t  bi r th  can cause a  51% 
increase in  a  lambs metabol ic  ra te  a t  an ambient  temperature  of  15C 
(Andrews & Mercer ,  1985) .  As a  consequence a  wet  f leece combined 
with the chi l l ing effects  of  wind can be disastrous.  Obst  and El l is  
(1977)  found that  up to  90% of  Merino and Corr iedale  lambs die  a t  
an ambient  temperature  of  8-12C when wind speeds exceed 18km/h 
and more than 1.5  mm of  ra in  fa l ls  during the f i rs t  s ix  hours  af ter  
bir th .   
 
 
 
F igure 5:  The s t ructural  changes in  wool  as  the wind veloci ty  
increases  (Ames & Insley,  1975) .  
 
The length and type of  a  lamb’s  coat  a t  the  t ime of  bir th  a lso 
has  a  large inf luence on the newborn lamb’s  abi l i ty  to  withstand 
cold exposure.  Alexander  (1961)  found that  a t  an ambient  
temperature  of  0C, lambs wi th f ine bir thcoats  were required to  
produce 30% more heat  to  maintain homeothermy than lambs with 
hairy bir thcoats .  Heat  can also be  conserved in  the newborn lamb by 
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the pi loerect ion of  the hairs  that  make up the bir thcoat .  This  process  
a long with the reduct ion in  blood f low to per ipheral  areas  of  the 
body (vasoconstr ic t ion)  in  response to  cold exposure,  has  been found 
to  be s t imulated by the presence of  catecholamines in  a  s imilar  way 
to  which brown adipose t issue is  act ivated (Thomas & Palmiter ,  
1997) .  Per ipheral  vasoconstr ic t ion conserves heat  by redirect ing 
blood away from areas  of  the body l ike the face and ears  from which 
heat  is  most  easi ly  lost .   
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1.4 PHYSICAL FACTORS AFFECTING COLD TOLERANCE IN LAMBS 
 
Lambs with bir th  weights  outs ide of  an opt imum range (which 
var ies  depending on the breed)  suffer  f rom more deaths  f rom ei ther  
exposure and/or  dystocia  (Figure 6  -  Purser  & Young,  1964;  Hight  & 
Jury,  1970;  Sykes et  al . ,  1976) .  At  low bir th  weights ,  lamb mortal i ty  
due to  exposure increases  because the abi l i ty  of  a  lamb to  produce 
heat  is  proport ional  to  i ts  body weight  and the lamb’s  capaci ty  to  
lose heat  is  proport ional  to  surface area.  Unfortunately ,  smal l  lambs 
have a  greater  surface area per  ki logram bodyweight  (0 .12 m- 2 /kg for  
a  1kg lamb) than larger  lambs (0.07 m- 2 /kg for  a  4  kg lamb) 
(Alexander ,  1974) .   Other  factors  that  contr ibute  to  the enhanced 
suscept ibi l i ty  of  l ight  lambs to  cold exposure,  include lower  levels  
of  thermal  insulat ion (wool  and fat  cover) ,  p lasma thyroid hormones 
(Vermorel  & Vernet ,  1985)  and smaller  organs (Alexander ,  1984) .   
 
Figure 6: Mortality of single (plain columns) and twin merino lambs 
(shaded columns) relative to birth weight (Stevens et al.1982). 
 
In  contrast ,  a t  high bir th  weights ,  the  incidence of  lamb death 
f rom dystocia  increases  (Scales  et  al . ,  1986) .  Dystocia  occurs  when 
the passage of  the lamb through the pelvis  of  the ewe is  res t r ic ted 
during the bir thing process  and death can resul t  e i ther  during or  
immediately  af ter  bir th  (Duff  et  al . ,  1982) .  In  addi t ion,  non-fatal  
dystocia  is  thought  to  predispose lambs to  death by exposure (Figure 
2) .  Haughey (1984)  found that  lamb mortal i ty  f rom exposure 
increased from 17% in lambs with no bir th  injur ies  f rom dystocia  to  
21% in lambs that  exhibi ted s igns of  bir th  injury.  However ,  Duff  et  
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al .  (1982)  found that  suckled lambs with s igns of  bir th  injury had 
the same mortal i ty  ra tes  as  suckled lambs with no bir th  injur ies .  
This  would appear  to  suggest  that  non fa ta l  dystocia  affects  the 
appet i te  and/or  vigour  of  the lamb,  reducing i ts  desire/abi l i ty  to  seek 
food and thus predisposing i t  to  death by exposure.  Dystocia  can 
also cause hypoxia  which in  turn can resul t  in  the reduct ion of  
thyroid hormone product ion,  less  blood f low to muscles  ( thus 
inhibi t ing shivering)  and the inhibi t ion of  BAT metabol ism 
(Vermorel  & Vernet ,  1985) .  
 
The inf luence of  bir th  rank (Figure 6) ,  the  age of  the ewe at  
lambing and lamb gender  upon lamb mortal i ty  is  par t ia l ly  explained 
by var ia t ion in  bir th  weight  caused by these factors  (Hight  & Jury,  
1970;  Smith,  1977;  Nicol l  et  al . ,  1999) .  Previous s tudies  have 
establ ished that  male  lambs are  born on average 0.20 to  0 .23 kg 
heavier  than females  (Purser  and Young,  1964;  Hight  and Jury,  
1970;  Smith,  1977;  Wolff  e t  a l . ,  1987)  and that  the average bir th  
weight  of  twins  and t r iplets  is  75% and 62% of  the bir th  weight  of  
s ingle  lambs (Hinch et  al . ,  1985) .  As a  consequence,  females  and 
mult iple  born lambs general ly have higher  mortal i ty  ra tes  due to  
cold exposure (Hight  & Jury,  1970;  Nicol l  et  al . ,  1999) .  The average 
l i t ter  s ize (bir th  rank)  a lso increases  with  the age of  the  ewe at  
lambing (Purser  & Young,  1964) .  Both bir th  rank and ewe age also 
have a  s ignif icant  inf luence on the mother ing abi l i ty  of  the ewe 
(Parker  et  al . ,  1987) .  This  is  demonstrated in  mult iple  l i t ters  where 
the di lut ion effect  occurs  and s ingle  lambs are  able  to  consume on 
average 35% more colustrum than twin and 60% more than t r iple ts  
(Kal lwei t  et  al . ,  1985) .  The cold resis tance of  mult iple  born lambs is  
fur ther  compromised by prematur i ty ,  lower  thyroid hormone levels  
and more diff icul t  lambings (Vermorel  & Vernet ,  1985;  Wollney et  
al . ,  1985) .  Par i ty  (number  of  lambings)  of  the ewe was ident i f ied by 
Purser  and Young (1959)  as  having a  larger  inf luence on lamb 
mortal i ty  than ewe age.  
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1.5 THE GENETIC COMPONENTS OF COLD TOLERANCE. 
 
Rapid genet ic  improvement  in  any t ra i t  i s  dependent  on f ive 
factors :  a  short  generat ion interval ,  h igh accuracy of  select ion,  high 
select ion intensi ty ,  a  large amount  of  var ia t ion present  in  the t ra i t  
f rom which to  select  f rom and a  high her i tabi l i ty .  Fortunately,  cold 
tolerance is  measured wel l  before  the  animal  becomes sexual ly  
mature  and consequent ly  has  no effect  upon the generat ion interval .  
Accurately  select ing for  neonatal  lamb cold tolerance can be 
diff icul t  owing to  the vagaries  of the  weather  and the uncer ta inty 
over  the autopsy methods commonly used.  The use of  progressively 
cooled water  baths  appears  to  overcome these defic iencies  but  
unfortunately i t  i s  not  sui table  for  widespread use in  the f ie ld .  The 
intensi ty  of  select ion in  any select ive breeding program is  ent i re ly  
dependant  (assuming minimal  natural  select ion)  upon the emphasis  
placed upon neonatal  cold tolerance compared to other  t rai ts  in  the 
breeding programme.  By comparison,  the amount  of  genet ic  
var iat ion is  a lmost  ent i re ly  influenced by natural  factors  l ike  the 
amount  of  natural  var ia t ion present  in  the populat ion,  the amount  
natural  select ion (occurring as  a  resul t  of  previous ‘bad’  weather)  
and indirect  select ion (occurr ing through genet ic  correlat ions with 
other  t ra i ts) .  
 
 I t  has  long been acknowledged that  var ia t ion exis ted between 
breeds in  their  abi l i ty  to  withstand cold exposure (Sykes et  al . ,  
1976;  Samson & Slee,  1981;  Wolff  et  al . ,  1987;  Donnel ly ,  1983) .  
More recent ly ,  Slee (1985)  has  a lso been able  to  es tabl ish var ia t ion 
in  neonatal  cold tolerance between l ines  of  sheep within a  f lock 
(Figure 7) ,  despi te  the her i tabi l i ty  of  lamb survival  being very low 
(0.04 – Lopez-Vil la lobos & Garr ick,  1999) .  The her i tabi l i ty  of  
select ion for  enhanced resis tance to  cold exposure was est imated as  
0 .27,  a l though the observed the her i tabi l i ty  of  the l ine selected for  
reduced cold tolerance was only 0.01,  resul t ing in  very l i t t le  change 
in  cold res is tance of  this  l ine (Slee  & Stot t ,  1986) .   
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Figure 7:  The response to  three years  of  upward and downward 
select ion for  cold res is tance,  using a  water  bath tes t ,  in  newborn 
lambs of  the Scot t ish Blackface breed (Slee,  1985) .  
 
Due the highly asymmetr ical  response to  select ion for  and 
against  cold resis tance,  the  accuracy of  these resul ts  have been 
quest ioned.  This  can be explained by the diff icul ty  in  calculat ing the 
her i tabi l i ty  of  low cold resis tance in  a  s tudy l ike this .  The average 
cold resis tance measured in  this  breeding program was 
approximately 30 minutes .  The lowest  recorded cold res is tance was 
17 minutes ,  which is  c lose to  the average when compared with the 
highest  cold resis tance (82 minutes) .  Consequent ly  there  was very 
l i t t le  scope for  select ion below the average compared with  select ion 
in  the upward direct ion.  The reason for  the lack of  phenotypic  
var iance below the mean might  a lso be explained by natural  
select ion.  That  is  that  any lambs too far  below the average are  
natural ly  unl ikely to  survive,  therefore  they are  unable  to  pass  their  
‘ low cold resis tance’  gene(s)  on to  maintain  a  large amounts  of  
genet ic  var ia t ion below the mean.  
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From the resul ts  of  breeding programs l ike that  shown in  f igure  
7 ,  genet ic  var iat ion in  cold tolerance has  been separated into three 
dis t inct  groups (Slee,  1985):  
 
1 .  Physical  (mainly insulat ive)  character is t ics :  body weight ,  
b i r thcoat  type and skin thickness .  
2 .  Physiological  and biochemical  character is t ics:  Thyroid 
hormone (T3  & T4)  levels ,  peak metabol ic  ra te  capaci ty ,  
brown adipose t issue act ivi ty  and cold res is tance.  
3 .  Behavioural  character is t ics :  ear ly  vigour ,  suckl ing dr ive,  
maternal  care  and maternal  bonding.   
 
 
Breeding for  one or  more of  these t ra i ts  can be complicated by 
interact ions  with  other  t ra i ts .  For  example,  in  Welsh Mountain sheep 
i t  has  been found that  both bir th  weight  and bir thcoat  type are  l inked 
genet ical ly  and in  some breeds,  f ine bir thcoats  ( low insulat ive 
value)  appear  to  be l inked with bet ter  adul t  f leeces  and growth 
(Purser  & Karam, 1967) .  Stot t  and Slee (1987)  a lso found that  
select ion for  enhanced cold tolerance was genet ical ly  associated 
with increases  in  skin thickness ,  coat  weight  per  uni t  area  of  skin,  
total  body insulat ion and the pers is tence of  an enhanced metabol ic  
ra te  when the lambs were exposed to  cold.  Phenotypic  correlat ions 
were a lso detected between cold tolerance and increased bir th  
weight ,  coat  depth and higher  levels  of  cold induced metabol ic  ra te .  
 
The her i tabi l i ty  of  some of  these t ra i ts  has  been quant i f ied and 
is  shown in  table  1  (over  page) .  
 
Chapter 1: Literature Review 
17 
Table 1: Heri tabi l i ty  es t imates  for  genet ic  components  of  lamb 
cold tolerance 
 
Trait  Heritabil ity (H2) Breed(s) Reference 
Bir th weight  0 .2  -  0 .3  Merino McGuirk  e t  a l . ,  1982 
Dystocia  0 .13 Var ious Smith ,  1977 
Maternal  Behaviour  0.15 Var ious Parker  et  a l . ,  1982 
Skin  th ickness (a t  
15-16 months o ld)  
0.25 -  0 .6  Merino Gregory,  1982 
Bir th coat  length  0.38 Merino crossbreds  Wolff  et  al . ,  1987 
Bir th coat  type 0.66 
0.75 
Merino Ponzoni et  a l . ,  1995 
Gregory,  1982 
Mult ip le  b ir ths* 0.102 – 0.139 Rambouil le t  Shel ton & Menzies ,  
1970 
Lamb survival  to  7  
days  
0.02 – 0.04 
 
Merino 
 
McGuirk et  al . ,  1982 
 
Cold res is tance 
(upward,  measured in  
a  water  bath) .  
0 .27 
 
0 .36 
Scot t ish  Blackface 
 
Merino crossbreds  
Slee & Stot t ,  1986 
 
Wolff  et  al . ,  1987 
* Select ion against  th is  t ra i t  ( in  order  to  enhance lamb survival)  defeats  the  
overal l  purpose of  th is  research and farming ( to ra ise  lamb product ion) .   
 
Inbreeding has  been found to  lead to  an increased rate  of  lamb 
mortal i ty  in  f ie ld  t r ia ls  (Galal ,  1981) .  However ,  fur ther  
invest igat ion of  this  has  shown that  the  effects  of  heterosis  and 
inbreeding upon lamb mortal i ty  are  re la t ively smal l  and appear  to  
act  pr imari ly  through the genes of  the lamb (Lopez-Vil la lobos & 
Garr ick,  1999) .  
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1.6 The Role of the 3 Adrenergic Receptor Gene in Cold 
Tolerance 
 
As descr ibed in  the previous sect ions ,  cold tolerance is  an 
extremely complex t rai t  that  is  inf luenced by a  large number  of  
physical ,  physiological  and endocrine  factors .  This  suggests  that  
cold tolerance is  under  the  control  of  mult iple  genes  and that  genet ic  
improvement  in  response to  select ion for  this  t ra i t  would be s low 
(Alexander ,  1984) .  Despi te  this ,  Slee (1985)  was able  to  
successful ly  es tabl ish two l ines  of  Scot t ish Blackface sheep with 
divergent  cold resis tance (Figure  7) .    
 
 In  the  low cold resis tance l ine,  the progeny of  one s i re  
exhibi ted an unusual  react ion to noradrenal ine.  Normally  the 
exogenous inject ion of  noradrenal ine causes  an increase in  
thermogenesis  of  approximately 200-250% in newborn lambs 
(Alexander  & Wil l iams,  1968) ,  but  in  this  s i re  l ine ,  the  progeny 
exhibi ted no thermogenic  response (Slee et  al . ,  1987) .  Further  
mat ings es tabl ished that  th is  effect  was due to  a  s ingle  gene and that  
this  gene was inheri ted in  a  dominant ,  Mendel ian fashion.  
Physiological  s tudies  a lso establ ished that  the BAT and the 
mitochondria  within the BAT were s t i l l  present  in  normal  numbers  in  
the non-responder  lambs and that  this  genet ic  defect  had no affect  on 
bir th  weight ,  growth or  survival ,  though survival  under  f ie ld  
condi t ions were not  measured.  These resul ts  lead to  the conclusion 
that  a  s ingle  major  gene affect ing thermogenesis  exis ts  in  the 
catecholamine s t imulat ion pathway in  sheep (Simpson & Slee,  1988;  
Slee & Simpson,  1991) .   
 
The  3  adrenergic  receptor  (AR) is  a  key component  in  the  
catecholamine s t imulat ion of  BAT (see Figure 3)  and i t  has  been 
proposed the gene coding i t  i s  a  l ikely candidate  to  be a  major  gene 
inf luencing neonatal  cold tolerance.  This  receptor  is  par t  of  the G-
protein coupled receptor  superfamily that  is  responsible  for  the  
mediat ion of  the sympathet ic  control  of  var ious metabol ic  processes  
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in  the  digest ive t ract ,  skeletal  muscle  and adipose t issue (Emorine et  
al . ,  1989) .  I t  i s  in  adipose t issue that  the  3  AR is  found 
predominately and where they are  thought  to  play a  major  role  in  the  
regulat ion of  l ipolysis  ( fa t  use for  energy)  and thermogenesis .   
 
The hypothesis  that  the  3  AR gene is  a  major  gene affect ing 
the eff ic iency of  thermogenesis  in  sheep is  supported by the receptor  
being recognised as  having the unique abi l i ty  to  res is t  
desensi t isat ion that  occurs  in  response to  prolonged exposure to  
catecholamines l ike  noradrenal ine (Susul ic  et  al . ,  1995;  Bouvier ,  
2000) .  This  abi l i ty  is  unique to  the 3  AR and does not  occur  in  
e i ther  the   1  or   2  ARs (Strosberg,  1997) .  This  f inding has  lead to  
the hypothesis  that  the pr imary funct ion of  the  3  AR may be to  
maintain s ignal l ing during per iods of  sustained sympathet ic  
s t imulat ion,  such as that  which occurs  in  BAT during per iods of  
chronic  cold exposure (Susul ic  et  al . ,  1995;  Bouvier ,  2000) .   
 
 There are  several  l ines  of  evidence from other  species  that  
support  the hypothesis  that  var ia t ion in  the  3  AR gene may be 
l inked with both neonatal  lamb cold tolerance and reduced fat  levels .  
The gene has  been ident i f ied and sequenced from a number  of  
species ,  including humans,  mice,  ra ts ,  cat t le ,  guinea pigs ,  monkeys,  
dogs and hamster  (Strosberg & Gerhardt ,  2000) .  In  humans a  s ingle  
amino acid subst i tut ion ( the t rp64arg mutat ion)  in  the  3  AR gene 
which occurs  in  10-50% of  the populat ion has  been found to  be 
associated with rapid weight  gain,  low metabol ic  ra te  and improved 
fer t i l i ty  (Susul ic  et  al . ,  1995;  Arner  & Lonnqvis t ,  2000) .  I t  i s  
in terest ing to  note  that  th is  mutat ion actual ly  res tores  the arginine 
found in  most  animals  a t  posi t ion 64 in  the  3  AR gene,  in  the place 
of  the t ryptophan normally  found in  humans (Strosberg,  1997;  
Strosberg & Gerhardt ,  2000) .  Transgenic  mice with the  3  AR gene 
“knocked out”  have an impaired thermogenic  response to  cold and 
increased levels  of  body fat  (Susul ic  et  al . ,  1995) .  While  the effects  
of  the  3  AR gene knockout  in  mice are  re la t ively mild,  there  is  
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evidence that  this  is  a  resul t  of  compensatory act ivi ty  f rom  1  and  2  
ARs (Susul ic  et  al . ,  1995) .   
  
Animal  models  bred to  s tudy genet ic  obesi ty  and diabetes  ( the 
ob/ob and db/db mice respect ively)  have long been acknowledged as  
being cold intolerant  (Himms-Hagen,  2000) .  Further  s tudies  have 
revealed that  both the number  and s ignal l ing eff icacy of  the  3  ARs 
in  ob/ob mice is  decreased,  re inforcing the l ink between obesi ty  and 
inadequate  cold tolerance (Bouvier ,  2000) .  However  i t  i s  doubtful  
whether  there  is  a  l ink between the  3  AR and diabetes ,  as   3  ARs 
have not  been detected on the insul in  secret ing pancreat ic    cel ls .  
Despi te  this ,  there  is  evidence to  suggest  that   3  ARs may s t imulate  
white  adipose t issue to  s ignal  the  pancreat ic    ce l ls  to  induce large 
increases  in  insul in  secret ion (Lowell  et  al . ,  2000) .    
 
Recent ly ,  i t  has  been found that  var ia t ion in  the fa t  level  of  
lambs appears  to  be correlated with var ia t ion in  the  3  AR gene 
(Forrest  et  al . ,  2001) .  Furthermore the correlat ion between this  t rai t  
and neonatal  cold tolerance appears  to  be posi t ive,  so that  genet ic  
progress  in  one wil l  a lso lead to  progress  in  the other .  This  f inding 
is  of  major  importance to  the lamb industry,  as  lamb is  perceived by 
consumers  as  having too much fat  and therefore  less  valuable  
(Hammond et  al . ,  1992) .  The invest igat ion into the role  of the  3  AR 
in lean muscle  growth is  potent ial ly  extremely valuable  to  the sheep 
industry.  
 
Genet ic  var iat ion between two l ines  of  Scot t ish Blackface sheep 
breed for  high and low adul t  back fat ,  has  been observed in  neonatal  
lamb behaviour  (Dwyer  et  al .  2001) .  Lambs from ewes selected for  
reduced levels  of  back fat  were found to  s tand,  suckle  and play 
ear l ier  than lambs from ewes selected for  increased levels  of  back 
fat .   The higher  ra te  of  suckl ing in lambs in  the lean l ine  pers isted 
for  3  days,  the  approximate  length of  t ime that  BAT lasts  (under  
good weather  condi t ions)  in  s tarving lambs (Slee,  1979) .  These 
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f indings f i t  in  with the hypothesis  that  polymorphism in the gene 
coding the  3  AR is  l inked with both cold tolerance and reduced fat  
levels .  Lambs from the l ine selected for  leanness appeared to  be able 
to  mobil ise  their  brown adipose t issue fas ter ,  a l lowing them to s tand 
and suckle  ear l ier  than their  counterpar ts  f rom the fat  l ine .  This  
s tudy was carr ied out  indoors  and consequent ly  no difference in  
lamb mortal i ty  due to  cold exposure was observed.  
 
Fat is not only considered undesirable by the consumer but the 
production of waste fat is also inefficient as it  utilises energy that 
would be able to be used for muscle growth (Cameron and Bracken 
1992). With the development of in vivo  fat measurement techniques 
like ultrasound scanning, the inclusion of fat depth into selection 
criteria has increased, particularly in terminal sire breeds. In terminal 
sire breeds of sheep, selection can be focussed on production traits in a 
small group of sheep that have a large influence on total lamb 
production (Simm, 1987; Cameron & Bracken, 1992). As a result of 
selection for these traits (and improved management),  the average 
weight of lambs slaughtered in New Zealand over the period of 1986-
86 to 1999-2000, has increased from 13.2kg to 16.5kg (an increase of 
25% - Meat and Wool Economic Service of New Zealand, cited in 
Davison 2000).  
 
I f  the   3  AR gene is  confirmed as  a  major  gene that  
s ignif icant ly  affects  neonatal  lamb cold tolerance and/or  leanness  in  
sheep,  i t ’s  polymorphic  nature  (Forrest  et  al . ,  2001)  wil l  a l low i t ’s  
use as  a  genet ic  marker  for  these t ra i ts .  This  wil l  provide a  large 
number  of  advantages  to  the  farmer  because the genet ic  improvement  
of  lamb viabi l i ty  should be permanent  and cheaper  to  achieve than 
improving shel ter  and/or  providing more intensive shepherding 
(Slee,  1985) .  Also by using the  3  AR gene as  a  genet ic  marker ,  the  
ident i f icat ion of  genet ical ly  superior  breeding animals  should be 
more accurate  than previously achieved using other  select ion 
techniques.   
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1.7  SUMMARY. 
 
A high level  of  lamb mortal i ty  is  highly detr imental  to  the 
prof i tabi l i ty  and success  of  any sheep farming enterpr ise .  However  
owing to  the extremely low her i tabi l i ty of  lamb survival ,  se lect ion 
for  components  of  lamb survival  with high her i tabi l i t ies ,  l ike  cold 
tolerance is  preferable .  Much research has  been carr ied out  
invest igat ing the var ious biochemical ,  physiological  and genet ic  
effects  inf luencing neonatal  lamb cold tolerance.  These s tudies  have 
lead to  our  hypothesis  that  the gene coding the 3  AR may be a  
major  gene that  s ignif icant ly inf luences neonatal  lamb cold 
tolerance and that  i t  may be able  to be used as  a  genet ic  marker  for  
cold tolerance.   
 
 Research in  other  species  and more recent ly  in  sheep has  a lso 
l inked var ia t ion in  the  3  AR gene with varying levels  of  fa t  cover .  
The fa t  content  of  lamb carcasses  is  an extremely important  
economic t ra i t  in  both dual  purpose and meat  breeds of  sheep.  As a  
consequence i t  i s  hoped that  not  only wil l  s ignif icant  s i re  l ine  
var ia t ion in  neonatal  cold tolerance wil l  be  es tabl ished and l inked to  
var ia t ion in  the 3  AR gene,  but  a lso that  s ignif icant  var ia t ion in  the 
fa t  levels  of  lambs wil l  be  l inked to  var iat ion in  the same gene.  
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Chapter 2: Sire Line Variation in Neonatal 
Lamb Cold Mortality 
Introduction 
Neonatal  lamb mortal i ty  represents  a  large economic loss  to  the 
New Zealand sheep industry with an average of  f i f teen percent  of  
a l l  lambs born dying before  weaning each year  (M c Cu t c he o n  e t  a l .  
1 9 8 1 ) .  Fif teen percent  of  these  deaths  are  on average at t r ibuted to  
cold exposure  (Gumbrell & Saville, 1986) ,  a l though this  can r ise  to  
90% under  extreme weather  condi t ions  (Obst  & Day,  1968) .  From 
these f igures ,  the  tota l  economic loss  to  the New Zealand sheep 
industry caused by neonatal  lamb mortal i ty  f rom cold exposure 
equals  approximately 40 mil l ion dol lars  per  annum (see appendix 1)  
and th i s  f i g u r e  i s  c o n s e r v a t i v e ,  a s  i t  d o e s  n o t  a c c o u n t  fo r  t h e  l o s s  
o f  s e l e c t i o n  p o t e n t i a l  i n c u r r e d  b y  l a m b s  n o t  s u r v i v i n g  un t i l  
s e l e c t i o n  o r  t h e  l o s s  o f  p r o d u c t i o n  f r o m t h o s e  a f f e c t e d  a t  s u b -
l e t h a l  l e v e l s .  T h e  l o s s e s  a l s o  p o s e  a  w e l f a r e  p r o b l e m a n d  
t h e r e f o r e  a  r i s k  t o  t h e  i n d u s t r y ,  e spec i a l l y  du r ing  s eve re  co ld  
w e a t h e r  w h e n  me d i a  a t t e n t i o n  i n  New Zea l and  f r equen t l y  focuse s  
o n  l a mb  d e a t h s .  
 
Research has  demonstrated that  genet ic  var ia t ion in  neonatal  
lamb cold tolerance exis ts  not  only between but  a lso within breeds 
of  sheep (Slee,  1985;  Wolff  et  al . ,  1987) .  Stot t  and Slee (1987)  
es t imated the her i tabi l i ty  of  lamb cold tolerance to  be 0 .27 in  a  
f lock of  Scot t ish Blackface,  while  Wolff  et  al .  (1987)  es t imated that  
i t  was 0.36 in  a  f lock of  NZ Merino crossbreeds.  These resul ts  
sugges t  t ha t  b r eed ing  fo r  improved  c o l d  t o l e r a n c e  c o u l d  b e  u s e d  
t o  i mp r o v e  n e o n a t a l  s u r v i v a l  i n  s h e e p .   H o w e v e r ,  t h e s e  r e s u l t s  
w e r e  o b t a i n e d  u s i n g  l a b o r a t o r y - b a s e d  t e c h n i q ue s  t o  a s se s s  c o l d  
t o l e r a n c e  a n d  w h i l e  t h e y  a r e  c o n s i d e r e d  i n d i ca t i v e  o f  a  l a mb’ s  
a b i l i t y  t o  s u r v i v e  c o l d  e x p os u r e  i n  t he  f i e l d  ( S l e e  e t  a l .  1 9 8 0 ;  
S l e e  1 9 8 5 ) ,  t h e y  a r e  n o t  s u i t a b l e  f o r  u se  by  commerc i a l  b r eede r s .   
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B y  c o mp a r i s o n ,  t h i s  s t u d y  u s e d  s i mp l e  f i e l d  t e c h n i q u e s  t h a t  a r e  
r e a d i l y  a v a i l a b l e  t o  b r e e d e r s  w i t h  mi n i ma l  o r  n o  t r a i n i n g ,  t o  
e v a l u a t e  t h e  e x t e n t  t o  w h i c h  s i r e - l i n e  ( l i ne s  w i t h i n  e ac h  
f l o c k / b r e e d  s e p a r a t e d  a c c o r d i n g  t o  s i r e )  v a r i a t i o n  i n  c o l d  
t o l e r a n c e  o c c u r s  a n d  h o w  t h i s  c o u l d  b e  u s e d  t o  i mp r o v e  l a mb  
s u r v i v a l  i n  a  p r a c t i c a l ,  o r  ‘ o n - f a r m’  s i t u a t i o n .  
  
2.1 Flocks Investigated & Lambing Locations  
1999 .   Two  f l ocks  we re  u sed  i n  1999 ,  a  Ha mp sh i r e  f l ock  
( compr i s i ng  90  ewes  and  f i ve  s i r e  g roups )  and  a  Bo rde rda l e  f l ock  
( c o mp r i s i n g  1 7 0  e w e s  a n d  f o u r  s i r e  g r o u p s ) .  La mb i n g  s t a r t e d  o n  
t h e  1 1 t h  o f  A u g u s t  f o r  t h e  H a mp s h i r e  f l o c k  a n d  2 4 t h  o f  A u g u s t  
f o r  t h e  B o r d e r d a l e  f l o c k .   
 
The  l amb ing  o f  t he  Ha mpsh i r e  f l ock  was  ca r r i ed  ou t  on  a  
f a r m 4 .72  k m n o r t h  o f  T e mu k a .  T h i s  l o w l a n d  f a r m p o s s e s s e s  
e x t e n s i v e  s h e l t e r  f r o m t h e  s o u t h  i n  t h e  f o r m o f  a n  e s t a b l i s h e d  
ma c r o c a r p a  ( C u p r e s s u s  m a c r o c a r p a )  h e d g e .  T h e  p a s t u r e  i n  t h e s e  
p a d d o c k s  w a s  r e l a t i v e l y  n e w ( sown  in  1995 )  and  cons i s t ed  o f  
pe r enn i a l  r yeg ra s s  ( L o l i u m  pe r e n n e ) ,  a n d  c l o v e r  ( Tr i fo l i um  
p r a t e n s e  ( r e d )  a n d  Tr i f o l i um  repens  ( w h i t e ) ) .  T h e  s o i l  i s  
Wa k a n u i  s i l t  l o a m a n d  t h e  s to c k i n g  r a t e  d u r i n g  l a mb i n g  d i d  n o t  
e x c e e d  30  e w e s  p e r  h e c t a r e ,  t h o u g h  t h i s  v a r i e d  a s  n e w b o r n  l a mb s  
a n d  t h e i r  m o t h e r s  w e r e  s e p a r a t ed  f r o m  t h e  f l o c k  a f t e r  l a mb i n g .  
 
T h e  B o r d e r d a l e  f l o c k  w a s  l a m b e d  a t  t h e  L i n c o l n  U n i v e r s i t y  
R e s e a r c h  F a r m.  T h e  p a d d o c k  u s e d  f o r  l a mb i n g  t h i s  f l o c k  w a s  
f l a t ,  c o n t a i n e d  e s t a b l i s h e d  p e r en n i a l  r y e g r a s s  a n d  w h i t e  c l o v e r  
p a s t u r e  a n d  w a s  s h e l t e r e d  f r o m so u t h - e a s t  a n d  t h e  s o u t h - w e s t  b y  
a  v a r i e t y  o f  y o u n g  d e c id u o u s  t r e e s .  T h e  s o i l  t y p e  i s  T e m p l e t o n  
s i l t  l o a m a n d  t h e  s to c k i n g  r a t e  d u r i n g  l a mb i n g  w a s  a p p ro x i ma t e l y  
2 5  e w e s  p e r  h e c t a r e .   
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2000 .   F i v e  f l o c k s  w e r e  u s e d  i n  2 0 0 0 ,  t h e  H a m p s h i r e  f l o c k  ( 1 0 0  
ewes ,  f ou r  s i r e  g roups ) ,  t h e  B o r d e r d a l e  ( 1 3 5  e w e s ,  2  s i r e  
g r o u p s ) ,  a  M e r i n o  f l o c k  ( 1 5 0  e w e s ,  3  s i r e  g r o u p s )  a n d  t h e  M e a t  
Q u a l i t y  F l o c k  ( 4 2 0  e w e s ,  s i x  s i r e  g r ou p s ) .  T h e  M e a t  Q ua l i t y  
f l o c k  w a s  c o mp r i s e d  o f  C o o p w o r t h  e w e s  ma t e d  t o  t h r e e  M e r i n o  
a n d  t h r e e  D o r s e t  D o w n  s i r e s .  E x p e c t e d  l a mb i n g  d a t e s  we r e  t h e  
7 t h  o f  A u g u s t  f o r  t h e  M e r i n o  f l o c k ,  2 4 t h  o f  A u g u s t  f o r  t h e  
H a mp s h i r e  f l o c k ,  3 0 t h  o f  A u g u s t  fo r  M e a t  Q u a l i t y  F l o c k  a n d  t h e  
4 t h  o f  S e p t e mb e r  f o r  t h e  B o r d e r d a l e  f l o c k .   
 
T h e  H a m p s h i r e  F l o c k  w a s  l a mb e d  o n  t h e  s a me  p a d d o c k s  u s e d  
i n  t h e  1 9 9 9  t r i a l  a t  a  s t o c k i n g  r a t e  o f  3 5  e w e s  p e r  h e c t a r e ;  t h e  
Borde rda l e  and  Mea t  Qua l i t y  f l ocks  we re  l ambed  a t  t he  L inco ln  
Un ive r s i t y  Ash l ey  Dene  f a rm  a n d  t h e  M e r i n o  F l o c k  w a s  l a mbe d  
a t  t h e  L i nc o l n  U n i ve r s i t y  R es e a r c h  F a r m.  T h e  B o r d e r d a l e  
l a mb i n g  p a d d o c k  a t  A s h l e y  D e n e  w a s  f l a t ,  h a d  T e mp l e t o n  s i l t  
l o a m s o i l s  a n d  c o ns i s t e d  o f  e s t a b l i s he d  p e r e n n i a l  r y e g r as s  a n d  
w h i t e  c l o v e r  p a s t u r e .  T h i s  p a d d o c k  w a s  s h e l t e r e d  f r o m t h e  n o r t h -
e a s t  b y  y o u n g  g u m  t r e e s  ( G e n u s  E u c a l y p t u s ) ,  f r o m t h e  s o u t h  b y  a  
l a r g e  d i t c h ,  i n  w h i c h  t h e  a n i ma l s  c o u l d  h u d d l e  o u t  o f  t h e  w i n d  
a n d  t h e re  w a s  a l s o  l i mi t e d  ea s t e r l y  s he l t e r  f r om a  ma t u r e  
ma c r o c a r p a  h e d g e  a d j a c e n t  t o  t h e  p a dd o c k .   
 
T h e  M e a t  Q u a l i t y  l a mb i n g  p a d d o c k  w a s  a l s o  f l a t ,  h a d  
T e mpl e t o n  s i l t  l o am s o i l s  an d  t h e  p as t u r e  c o ns i s t e d  o f  
e s t a b l i s h e d  p e r e n n i a l  r y e g r a s s  and  wh i t e  c l ove r .  Th i s  paddock  
h a d  a  l a r g e  s h e l t e r e d  a r e a  p r o v i d e d  b y  a n  e s t a b l i s h e d  Do u g l a s  F i r  
( Pseudo t suga  menz i e s i i )  hedge  on  t he  sou the rn  bounda ry .  T h e  
s t ock ing  r a t e  i n  t h i s  f l ock  du r i n g  l a m b i n g  w a s  ma i n t a i n e d  a t  
a p p r o x i ma t e l y  1 5  e w e s  p e r  h e c t a r e ,  w h e r e  p o s s i b l e .  The  M e r i no  
l a mb i n g  p a d d o c k s  w e r e  t h e  s a me  p a d d o c k s  t h a t  w e r e  u s e d  t o  
l a mb  t h e  B o r d e r d a l e  f l o c k  i n  t h e  1 9 9 9  t r i a l  ( a t  t h e  R e s e a r c h  
F a r m) .  T h e  s t o c k i n g  r a t e  f o r  t h e  M e r i n o s  w a s  a p p r o x i ma t e l y  2 0  
e w e s  p e r  h e c t a r e .  
Chapter 2: Sire Line Variation in Neonatal Lamb Mortality 
 26
 
2.2 Methods 
Field Observations at Birth 
T h e  e w e s  w e r e  i d en t i f i e d  e i t h e r  b y  l a r g e  p l a s t i c  e a r  o r  ne c k  
t a g s  a n d / o r  i n d i v i d u a l  b r a s s  e a r  t ag s  w i th  t he  excep t i on  o f  t he  
Mer ino  f l ock ,  wh ich  on ly  had  co lou re d  p l a s t i c  e a r t a g s  s i g n i f y i n g  
t h e i r  s i r e  g r o u p .  A l l  l a mb s  w e r e  w e i g h e d  a n d  t a g g e d  a t  b i r t h  
u s i n g  b r a s s  e a r  t a g s .  A l l  b r a s s  t a g s  s t a t ed  t he  f l ock  name ,  yea r  o f  
b i r t h  a n d  a  u n i q u e  i d e n t i f i c a t i o n  n u m b e r  f o r  e a c h  a n i ma l .   
 
T h e  l a mb  t a g  n u m b e r ,  d a m t a g  n u mb e r ,  s e x  o f  t h e  l a mb ,  d a t e  
o f  b i r t h ,  b i r t h  r a n k ,  a n d  b i r t h  w e i g h t  w e r e  a l l  r e c o r de d  a t  t a g g i ng  
( w i t h i n  1 2  h o u r s  o f  b i r t h ) .  T h e  p r o b a b l e  c a u s e  o f  d e a t h  w a s  
d i a g n o s e d  f o r  a l l  d e a d  l a mbs  a n d  t he  da t e  o f  dea t h  was  r eco rded .  
F r o m t h e  e w e  t a g  nu mb e r s ,  t h e  a g e  o f  t h e  e w e  ( w i t h  t he  
e x c e p t i o n  o f  t h e  M e r i n o  t r i a l )  and  t he  s i r e  g roup  t ha t  t he  l amb  
b e l o n g e d  t o  w a s  i d e n t i f i e d .  
 
Lamb Death from Cold Exposure Diagnosis 
T h e  d i a g n o s i s  o f  l a mb  d e a t h  d u e  t o  c o l d  e x p o s u r e  w a s  b a s e d  
upon  f i e l d  obse rva t i ons  du r ing  l amb ing ,  u s ing  a  t e chn ique  
s i mi l a r  t o  t h a t  u s e d  b y  P u r se r  a n d  Y o u n g  ( 1 9 6 4 ) .  D e a d  l a mb s  
we re  c l a s s i f i ed  a s  hav ing  d i ed  f r o m c o l d  e x p o s u r e  i f  t h e y  d i e d  
w i t h i n  f o u r  d a y s  o f  b i r t h  a nd  n o  o t h e r  c a u s e  o f  d e a t h  w a s  
o b v i o u s ,  s u c h  a s  s w o l l e n  h e a d s  ( d y s t o c i a ) ,  me m b r a n e s  o v e r  n o s e  
( su f foca t i on ) ,  unb roken  f ee t  me mbr a n e s  ( s t i l l b o r n )  a n d  b i r t h  
d e f e c t s  ( p o o r  d e v e l o p me n t  o r  mu m m i f i c a t i o n ) .  L a mb s  t h a t  w e r e  
r e v i v e d  b y  a r t i f i c i a l  w a r mi n g  w e re  c l a s s i f i ed  a s  hav ing  d i ed  
f r o m c o l d  e x p o s u r e .  
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Climate Observations 
D a i l y  w e a t h e r  d a t a  w a s  c o l l e c t e d  f r o m  t h e  L i n c o l n  
U n i v e r s i t y  We a t h e r  S t a t i o n  a t  t h e  R e s e a r c h  F a r m a n d  9 . 1 5  k m 
f r o m A s h l e y  D e n e .  T h e  w e a t h e r  d a t a  c o l l ec t e d  fo r  t h e  t r i a l  a t  
T e mu k a  w a s  c o l l e c t e d  f r o m  t h e  N a t i o n a l  I n s t i t u t e  o f  W e a t h e r  a n d  
A t mo s p h e r e  ( N . I . W . A . )  w e a t h e r  s t a t i o n  a t  T i ma r u  A i r p o r t  ( 1 0 . 5 5  
k m f r o m t h e  t r i a l  l o c a t i o n ) .  V a r i a b l e s  r e c o r de d  i n c l u d e d  
p r e c i p i t a t i o n  ( m m/ d a y ) ,  a v e r a g e  t e mp e r a t u r e  ( C )  a n d  t he  t o t a l  
w i n d  r u n  p e r  d a y  ( k m/ d a y ) .  M i s s i ng  da t a  we re  r ep l aced  w i th  
l o n g - t e r m  me a n  v a l u e s  f o r  t h e  mo n t h  b y  N . I . W . A .  
 
Combined Weather Variable Calculation 
The impact  of  the  cl imat ic  condi t ions  dur ing the neonatal  
per iod was represented by a  s ingle  f igure  indicat ing the average ra te  
of  heat  loss  (HL) per  uni t  of  surface area by a  lamb under  given 
weather  condi t ions .  The predicted ra te  of  heat  loss  for  e i ther  the  
day of  bir th  or  day of  death ( i f  appl icable)  was calculated using the 
fol lowing equat ion der ived by Coronato (1999) ,  f rom the work of  
Mount  and Brown (1982) .  The equat ion is :  
 
HL = 40.38 – (2.12 T) + (5.84   W) + (0 .73   P)  
 
Where:  HL = The average predicted rate of heat  loss per unit  of 
surface area by a lamb under given weather conditions.  
Measured in Watts per square metre (W m- 2) .  
 T = Average dai ly  temperature .  Measured in  Cels ius (C).  
 W = Average dai ly  wind speed.  Measured in  metres  per  
second (m s - 1 ) .  
P  = The dai ly  precipi ta t ion.  Measured in  mil l imetres  
(mm).  
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Statist ical  Analysis 
T h e  s t r e n g t h  o f  t h e  u n i v a r i a t e  r e l a t i o n s h i p s  b e t w e e n  
p o t e n t i a l  p r e d i c t o r s  a n d  l a mb  mo r t a l i t y  d u e  t o  c o l d  e x p o s u r e  w a s  
a s s e s s e d  u s i n g  C h i - s q u a r e  t e s t s  ( c a t ego r i ca l  va r i ab l e s )  and  T -
t e s t s  ( con t i nuous  va r i ab l e s ) .  G ive n  t h e  s t r o n g  p o t e n t i a l  f o r  i n t e r -
r e l a t i o n s h i p s  a mo n g  t h e  p r e d i c t o r s  o f  l a mb  m o r t a l i t y ,  w h i c h  
c o u l d  l ead  t o  u n s t a b l e  p a r ame t e r  e s t i ma t e s  i n  a  mu l t i v a r i a t e  
a n a l y s i s ,  t h e  i n t e r - r e l a t i o n sh i p s  b e t we e n  t h e  p r e d i c t o r  va r i a b l e s  
was  eva lua t ed  u s ing  Ch i - squa re ,  1 - w a y  A N O V A  a n d  c o r r e l a t i o n  
t e s t s .  P r e d i c t o r  v a r i a b l e s  w i t h o u t  s t r o n g  i n t e r - r e l a t i o n s h i p ( s )  a n d  
s h o w i n g  s o me  a s s o c i a t i o n  w i t h  l a mb  mor t a l i t y  d u e  t o  c o l d  
e x p o s u r e  w e r e  r e t a i n e d  f o r  s u b s equen t  ana ly s i s  u s ing  l og i s t i c  
r e g r e s s i o n ,  a l o n g  w i t h  t h e  m o s t  s i g n i f i c a n t  v a r i ab l e  o f  any  
r e l a t e d  p a i r i n g .  T h e  L o g i s t i c  R e g r e s s i o n  mod e l  u s e d  wa s :  
 
Logi t ( m o r t a l i t y )  =  Mean +HL +BW + Sire 1 
 
Logis t ic  regression was used to  calculate  s i re  l ine  var ia t ion in  
lamb mortal i ty  due to  cold exposure because i t  can accommodate  a  
binary dependent  var iable  ( lamb cold death)  and mult iple predictor  
var iables  that  can be e i ther  metr ic  (bir th  weight ,  predicted rate  of  
heat  loss)  and non-metr ic  (s i re)  (Hair  et  al . ,  1998) .  In  SPSS  
(Version 10.0,  SPSS Incorporated,  Chicago),  the true accuracy of the 
logist ic regression models was calculated from the difference 
between how accurately the model predicted lamb mortali ty from 
cold exposure and the percentage of lambs born that  did die from 
cold exposure.  
 
 
                                                 
1 a breed/location/year variable was also introduced for the combined dataset analysis. 
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2.3 Results 
 
Of  the 1692 lambs born in  this  s tudy (444 in  1999 and 1248 in  
2000) ,  a  total  of  22.5% died (al l  causes)  which included an outbreak 
of  Toxoplasma gondi i  in  two of  the t r ia ls .  Th i s  ou t b r e a k  wa s  
d e t e c t e d  w h e n  t h e  a  l a r ge r  nu mbe r  o f  d r y  e w e s  a n d  s t i l l b i r t h s  
t h a n  u s u a l  w a s  o b s e r v e d  i n  t h e  H a mp s h i r e  t r i a l s  i n  1 9 9 9  a n d  
2000 .  The  p r e sence  o f  T .  g o n d i i  w a s  c o n f i r me d  b y  a n  
i n d e p e n d e n t  a u t o p s y  ( M .  C o l s o n 2 per s .  comm.  1999 ,  s ee  append ix  
2 )  o f  s o m e  o f  t h e  d e a d  l a mb s .  T h e  a f f e c t e d  t r i a l s  w e r e  r e mo v e d  
f r o m t h e  a n a l y s i s  t o  p r e v e n t  t h e  e f f e c t s  o f  T .  g o n d i i  f rom fu r t he r  
c o n f o u n d i n g  t h e  r e s u l t s .  A s  a  c o n s e q u e n c e ,  t h e  total  lamb 
mortal i ty  across  the remaining t r ia ls  dropped to  an average of  
16.5% of  a l l  lambs born.   
 
Table  2 :  T o t a l  l a m b  mor t a l i t y  i n  e ach  t r i a l .  
 Year  No .  o f  Lambs  Born  % To ta l  Mor ta l i ty  
Hampsh i r e   1999  169  27  
 2000  133  47  
Borde rda le   1999  275  16  
 2000  267  17  
Mea t  Qua l i ty  2000  728  20  
Mer ino  2000  153  25  
 
Effect of Climatic Conditions on Cold Induced Lamb Mortality 
Lamb mortal i ty  due to  cold exposure in  each t r ial  fol lowed a  
s imilar  t rend to  the predicted ra te  of  heat  loss  in the  Borderdale  
2000 (p=0.000) ,  Meat  Qual i ty  (p=0.002) ,  and Merino t r ia ls  (p=0.035 
– Figure 8) ,  but  not  in  the Borderdale  1999 t r ia l  (p=0.230 – Figure 
9)  even when the data  were corrected for  the effects  of  s i re  and 
bir th  weight  using logis t ic  regression.  The Borderdale  1999 t r ia l  
was observed to  have been exposed to  considerably less  severe  
c l imate  condi t ions  than the other  t r ia ls .  Al l  t r ia ls  with  the except ion 
of  the Merino (p=0.178) ,  exhibi ted s i re- l ine var ia t ion in  the 
predicted rate  of  heat  loss  (p<0.001) .  
                                                 
2 Aorangi Veterinary Services Limited, Geraldine 
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F igure 8:  The average predicted dai ly heat  loss  and the cold 
mortal i ty  on each t r ia l  day at  the  Lincoln s i te  in  2000.  
 
F i g u r e  9 :  T h e  a v e r a g e  p r e d i c t e d  d a i l y  h e a t  l o s s  a n d  t h e  c o l d  
m o r t a l i t y  o n  e a c h  t r i a l  d a y  a t  t h e  L i nco l n  s i t e  i n  1 9 9 9 .  
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Effect of Lamb Birth Rank and Birth Weight on Cold 
Induced Lamb Mortal i ty 
As the number  of  lambs in  each l i t ter  (bir th  rank)  increased,  
there  was a  s ignif icant  increase in the number  of  lambs dying from 
cold exposure in  the Meat  Qual i ty  (p=0.005)  and Merino t r ia ls  
(p=0.010 -  Figure 10)  but  not  in  e i ther  Borderdale  t r ia l  (1999 – 
p=0.402,  2000 – p=0.056) .  Further  analysis  revealed that  as  the 
number  of  lambs in  each l i t ter  increased,  the  bir th weight  of  each 
individual  lamb decreased (p<0.001) .  
 
 
 
F i g u r e  10 :  The inf luence of  bir th  rank upon lamb mortal i ty  due to  
cold exposure.  Lamb death percentages that  are  
s ignif icant ly  different  (p<0.05)  are  represented by 
different  a lphabet ic  subscr ipts  a t  the  top of  each bar .  
 
As bir th  weight  decreased the rate  of  lamb mortal i ty  due to  
cold exposure increased s ignif icant ly  (p<0.05 -  Figure 11) ,  though 
this  effect  were not  present  in e i ther  of  the  Borderdale  t r ia ls  af ter  
the data  was corrected for  the inf luence of  s i re  l ine and the 
predicted rate  of  heat  loss .  This  t rend was par t icular ly  s ignif icant  
once the raw bir th  weight  decreased below 2.5 (Merino)  –  4 kg 
(Borderdale  2000) .  Further  analysis  revealed s i re  l ine var ia t ion in  
bir th  weight  (p<0.001)  in  al l  t r ia ls  with  the except ion of  the 
Merinos (p=0.123) .  Lambs from older  ewes were found to  be heavier  
(p<0.05)  than those f rom younger  ewes and male  lambs were 
observed to  be heavier  a t  bi r th  than females  (p<0.05)  in  a l l  t r ia ls  
with  the except ion of  the Merino (p=0.168) .  
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Figure 11:  The inf luence of  bir th  weight  ( raw) upon lamb mortal i ty  
due to  cold exposure in  each of  the four  t r ia ls  analysed.  
 
Effect of Dam age and Lamb Gender on Cold Induced Lamb Mortality 
There appeared to  be no relat ionship (p>0.05)  between the age 
of  the  dam at  lambing and lamb mortal i ty  due to cold exposure,  
despi te  the re la t ionship between dam age and bir th  weight .  No 
difference was observed in  the number  of  lambs dying from cold 
exposure in  each gender  (p>0.05)  even though gender  was also 
observed to  inf luence bir th  weight .  
 
Sire line Variation in Cold Induced Lamb Mortality 
Lamb mortal i ty  due to  cold exposure accounted for  11.2% of  a l l  
lambs born and 68% of  a l l  dead lambs in  this  s tudy.  When s i re- l ines  
were compared for  the  incidence of  lamb mortal i ty  due to cold using 
Chi-square methodologies ,  s i re  effects  were s ignif icant  a t  the  5% 
level  within the Coopworth – Dorset  Down,  Merino and 1999 
Borderdale  t r ia ls  (Table  3) .  Variat ion between s i re- l ines  was 
s ignif icant  a t  the  10% level  for  a l l  t r ia ls  analysed.  
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When the data  was corrected for  the inf luence of  bir th  weight  
and the cl imat ic  condi t ions  present  a t  b i r th/death,  s i re  l ine  var ia t ion 
was observed in  the Meat  Qual i ty  (p=0.015)  and Merino (p=0.005)  
t r ia ls  and in  a  combined data  se t  of  a l l  the  t r ia ls  (p<0.001) ,  though 
not  in  e i ther  Borderdale  t r ia l  (1999 – p=0.116 & 2000 – p=0.859) .  I t  
was a lso noted that  the  bir th  dates  of  the lambs in  each s i re  l ine  
were not  evenly dis t r ibuted over  the lambing per iod in  a l l  of  the 
t r ia ls  (p<0.001)  with the except ion of  the Merino t r ia l  (p=0.178) .  
 
Table 3:  The lamb mortal i ty  caused by cold exposure for  each s i re-
l ine.  Signif icant  differences (p<0.05,  univar ia te  analysis)  
between si res  within t r ia ls  in lamb death due to  cold 
exposure are  represented by different  a lphabet ic  subscr ipts  
for  those t r ia ls  showing s ignif icant  s i re- l ine  effects .  (B = 
Borderdale ,  M = Merino,  DD = Dorset  Down) 
 
Ewe Breed Year Sire (Breed) Number of 
Lambs Born 
% Lambs that died 
from Cold Exposure 
Borderdale 1999 4/97 (B) 76 14a  
  25/94 (B) 60 3b 
  16/95 (B) 72 13a 
  82/95 (B) 59 7ab 
Borderdale 2000 263/98 (B) 63 8 
  266/98  (B) 166 17 
Coopworth  2000 8512 (M) 150 11a 
  8255 (M) 121 11a 
  8585 (M) 89 8b 
Coopworth   129/97 (DD) 128 5a 
  238/97 (DD) 97 3a 
  122/98 (DD) 157 13b 
Merino 2000 26 (M) 54 6a 
  132 (M) 43 33b 
  356 (M) 51 25b 
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Accuracy of the Logistic Regression Models 
T h e  a c c u r a c y  o f  t h e  l o g i s t i c  r e g r e s s i on  mo d e l s  v a r i e d  b y  
be tween  0  and  5 .6% depend ing  u p o n  t h e  t r i a l  ( T a b l e  4 ) ,  t h o u g h  
t h e r e  w ere  mi n i ma l  e r r o r s  i n  t h e  l o g i s t i c  r e g re s s i o n  mo d e l s  
p r e d i c t i o n  o f  w h i c h  l a mb s  w o u ld  d i e  f r o m c o l d  e x p o s u r e  ( 0  
e r r o r s  i n  B o r d e r d a l e  1 9 9 9  &  M e a t  Qua l i t y ,  3  i n  Bo rde rda l e  2000  
&  5  i n  M e r i n o ) .  Th e  e r r o r s  w e r e  ma i n l y  c o n f i n e d  t o  t he  
p r e d i c t i o n  o f  w h i c h  l a mb s  w o u ld  su rv ive  co ld  exposu re  (26  
e r r o r s  i n  B o r d e r d a l e  1 9 9 9 ,  1 7  i n  B o r d e r d a l e  2 0 0 0 ,  6 1  i n  M e a t  
Q u a l i t y ,  2 6  i n  M e r i n o ) .   
 
T a b l e  4 :  The  Accu racy  o f  t he  Log i s t i c  Reg re s s ion  Mode l s .  
 
Tria l  Year  Actua l  
Surv iva l  
Log i s t i c  Regress ion  
Pred ic t ion  
Di f f erence  
Borde rda le  1999  89 .05% 90 .3% 0 .95% 
 2000  85 .7% 91 .3% 5 .6% 
Mea t  Qua l i ty  2000  91 .3% 91 .6% 0 .3% 
Mer ino  2000  79 .7% 79 .7% 0% 
Poo led  Da ta   -  88 .9  89 .1% 0 .2% 
 
Chapter 2: Sire Line Variation in Neonatal Lamb Mortality 
 35
2.4 Discussion 
The average neonatal  lamb mortal i ty  of this  s tudy was 16.5% 
compared with the previously reported average of  15% for  New 
Zealand f locks by McCutcheon et  al .  (1981) ,  suggest ing that  this  
s tudy accurately  repl icated lamb mortal i ty  found under  typical  New 
Zealand farming condi t ions .  Lamb mortal i ty  f rom cold exposure 
accounted for  11.2% of  a l l  lambs born in  this  s tudy (68% of  tota l  
lamb deaths) .  This  was much higher  than most  resul ts  reported in  
the l i terature ,  including those of Purser  & Young (1964) ,  who used 
a  s imilar  method for  the  diagnosis  of  cold death.  The mortal i ty  
before  14 days c lass  (s imilar  to  the lamb death f rom cold exposure 
class i f icat ion in  this  s tudy)  used by Purser  & Young contained 46% 
of  a l l  lambs dying on two farms in  Scot land & North Wales .  To put  
Purser  & Young’s  work in  context ,  the  overal l  mortal i ty  in  their  
s tudy was 13% of  a l l  lambs born,  compared with 16.5% in our  s tudy 
and they used breeds of  sheep not  found in  New Zealand (Scot t ish 
Blackface & Welsh Mountain) .  The s t rength of  the cold chal lenge 
was not  measured by Purser  & Young,  which prevented a  
comparison of  the  environmental  condi t ions between s tudies .   
 
A s imilar  lamb mortal i ty  s tudy was carr ied out  by Upret i  
(1989)  11 years  previously on the same farm (L.U.  Research farm) 
as  some of  the t r ia ls  in  this  s tudy.  The total  mortal i ty  of  the  lambs 
born outs ide in  Upret i ’s  s tudy (29%) was higher  than that  reported 
here ,  despi te  Upret i  s tudying high fecundi ty  Booroola  Coopworth 
cross  ewes which are  acknowledged as  having lower survival  ra tes  
(due to  larger  l i t ter  s izes)  than other  breeds (Hinch et  al . ,  1985) .  
Fif ty  three percent  of  the  lamb mortal i ty  in  Upret i ’s  work was 
at t r ibuted to  s tarvat ion-exposure using the autopsy method 
or iginal ly  developed by MacFarlane (1965) .  This  resul t  is  surpr is ing 
consider ing the correlat ion between bir th  rank and suscept ibi l i ty  to 
cold exposure (Hinch et  al . ,  1985)  and the use of  an autopsy 
technique thought  to  under  es t imate  deaths  f rom cold exposure.  
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Variat ion between t r ia ls  was found to  exis t  in the accuracy of  
the logis t ic  regression model  used to  analyse si re  l ine  var iat ion in  
neonatal  lamb mortal i ty  due to  cold exposure.  While  the models  
were extremely accurate  a t  predict ing lamb mortal i ty  due to  cold 
exposure,  considerable  var ia t ion was found in  their  abi l i ty  to  
predict  lamb survival .  This  was the resul t  of  more lambs dying than 
was expected af ter  analysing the combined effects  of  s i re ,  bi r th  
weight  and the predicted rate  of  heat loss .  This  has  been previously 
observed by Alexander  (1984) ,  who found that  a  core  level  of  lamb 
losses  remain even under  ideal  weather  condi t ions and opt imal  
management .   
 
The var iat ion in  lamb mortal i ty  between t r ia ls  observed in  this  
s tudy prevented any between breed comparisons from being carr ied 
out ,  though the highest  ra te  of lamb mor tal i ty  due to  cold exposure 
was observed in  the Merino t r ia l .  Previous work has  shown that  
considerable  var ia t ion in  neonatal  lamb cold tolerance does  exist  
between cer ta in breeds of  sheep (Sykes et  al . ,  1976;  Samson & Slee,  
1981;  Donnel ly ,  1983;  Wolff  et  al . ,  1987) .  Apart  f rom breed/genet ic  
var ia t ion,  other  sources  of  inter- t r ia l  var iat ion assumed to  be 
present  included the effect iveness  of  the shel ter  present  during 
lambing (due to  i ts  or ientat ion to the prevai l ing winds and porosi ty)  
and var ia t ion in  infect ion s ta tus  between t r ia ls .  Variat ion between 
the c l imate  condi t ions  present  during lambing in  each t r ia l  was 
observed due to  differences  in  lambing dates .  For  example the worst  
weather  condi t ions encountered by the Borderdale  1999 t r ia l  was 
150 W/m2  whereas  the same f lock in  2000 had two weather  incidents  
above this  level  (one such incident  reached 248 W/m2) .   
 
Fixed Effects:  Dam Age and Lamb Gender 
Dam age appears  to inf luence a  large number  of  factors  that  can 
inf luence neonatal  lamb mortal i ty  caused by cold exposure.  Purser  
and Young (1964)  found that  the frequency of  twinning increased 
with ewe age,  resul t ing in  an increase in  neonatal  lamb cold 
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mortal i ty .  This  associat ion was not  observed by Smith (1977) ,  who 
found that  lamb bir th  weight  increased with ewe age,  or  by Parker  et  
al .  (1987) ,  who found that  maternal  behaviour  improves as  ewes get  
older ,  both factors  leading to improved neonatal  lamb cold 
tolerance.  Although lamb bir th  weight  was also found to  increase 
with  ewe age,  improved lamb cold tolerance due to  ewe age was not  
observed in  this  s tudy or  in  the work of  Hinch et  al .  (1985) .   
 
Some lamb mortal i ty  s tudies  have found that  female lambs 
appear  to  have higher  survival  ra tes  than male  lambs despi te  resul ts  
that  show that  male  lambs are  born heavier  (Purser and Young, 1964; 
Smith, 1977; Wolff et al .,  1987) .  Male lambs were found to  have 
higher  bir th  weights  than females  in  this  s tudy,  though no 
difference between male and female  lamb survival  was observed.  
 
Fixed Effects:  Birth Rank and Birth Weight 
As the number  of  lambs in  each l i t ter  increased,  there  was a  
corresponding drop in  the average lamb bir th  weight  leading to  
decreased neonatal  lamb cold tolerance.  This  effect  was similar  to  
that  found for  tota l  mortal i ty  in other  s tudies  (Purser  & Young,  
1964;  Hight  & Jury,  1970;  Stevens et  al . ,  1982)  and appeared to  
completely  explain the role  of  bir th  rank upon neonatal  lamb cold 
mortal i ty  in  this  s tudy.  I t  was for  this  reason that  bir th  rank was 
omit ted from the logis t ic  regress ion model ,  despi te  having a  large 
inf luence upon neonatal  lamb mortal i ty .   
 
After  correct ing the data  for  the  inf luence of  the  c l imate  and 
s i re  l ine,  bir th  weight  was ident i f ied as  the var iable  having the 
s ingle  largest  inf luence upon neonatal  lamb cold mortal i ty  in  the 
Meat  Qual i ty  and Merino t r ia ls .  The t rend that ,  as  bir th  weight  
increased,  there  was a  corresponding decrease in  lamb mortal i ty  due 
to  cold exposure was the same as that  observed by Purser  & Young 
(1964) ,  Hight  & Jury (1970)  and Sykes et  al .  (1976) .  This  t rend 
appeared to  be par t icular ly  s ignif icant  below 2.5 –  4  kg (depending 
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on the breed)  and was also observed in  the Borderdale  t r ia ls ,  though 
there  was s i re  l ine  var iat ion in  bir th  weight  in  this  f lock,  which 
cancel led out  the effect  of  bir th  weight  in  the logis t ic  regression 
model .  Sire  l ine var ia t ion in  bir th  weight  was also observed in  the 
Meat  Qual i ty  t r ia l  and was s imilar  to  the resul ts  previously reported 
in  McGuirk et  al .  (1982) ,  Smith (1977)  and Dwyer et  al .  (2001) .  
 
Due to  the large influence of  bir th  weight  on lamb mortal i ty  
due to  cold exposure,  the quest ion is  ra ised whether  select ion for  
bir th  weight  as  a  method of  improving lamb survival  would be 
bet ter  than select ion for  cold tolerance.  This  approach may be 
favoured because direct  select ion for  bir th  weight  is  s imple and 
removes the requirement  for  a  cold chal lenge,  which is  impossible  
to  s tandardise  across  a l l  lambs in  a  commercial  f lock (Haley et  al .  
1987) .  However ,  select ion for  higher  bir th  weight  in  an at tempt  to  
increase lamb survival  is  confounded by the large number of  
interact ions between bir th  weight  and the presence of  disease and/or  
infect ion,  bir th  rank,  lamb gender ,  maternal  age,  s ize  and par i ty  
(Alexander  1974) .  Lambs with high bir th  weights  (and thus more 
cold tolerant)  are  also predisposed to  death f rom dystocia  (Scales  et  
al .  1986) .  
 
Fixed Effect:  Climate 
Obst  & Day (1968)  and Coronato  (1999)  found that  c l imate  had 
a  large inf luence upon neonatal  lamb mortal i ty  s imilar  to  our  
f indings in  the Borderdale  2000,  Meat  Qual i ty  and Merino t r ia ls .  
While  the Borderdale  1999 t r ia l  fol lowed the same t rend as  the 
others ,  the  t rend was not  s ignif icant ,  apparent ly  due to  the low 
average predicted rate  of  heat  loss  in  this  t r ial .  As a  consequence 
the cold chal lenge may not  have been suff ic ient  to  cause enough 
lamb deaths  f rom cold exposure to  es tabl ish var ia t ion between s i re  
l ines  in  this  t r ial .   
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The presence of  var ia t ion in  cold exposure between s i re  l ines  
within t r ia ls  may have s l ight ly confounded the resul ts ,  despi te  the 
effect  being accounted for  in  the logis t ic  regression analysis .  This  
issue could have been avoided by synchronis ing equal  numbers  of  
ewes per  ram to be mated each week (or  other  appropria te  t ime 
per iod)  during the joining per iod.  As a  resul t  a  s imilar  number  of  
lambs per  s i re  would have been born at  any given t ime.  
 
Coronato found that  the c l imat ic  condi t ions in the two weeks 
pr ior  to  bir th  had a  larger  inf luence upon lamb mortal i ty  than the 
condi t ions a t  the  t ime of  bir th ,  though this  observat ion was made in  
Central  Patagonia  where the average predicted rate  of  heat  loss  f rom 
a lamb rarely exceeded 50 W/m2.  Obst  and El l is  (1977)  found that  
once the predicted ra te  of  heat  loss  exceeded 57 W/m2,  s ignif icant  
lamb mortal i ty  in  Merino and Corr iedales  occurred.  By comparison,  
lamb mortal i ty  due to  cold exposure in  this  t r ia l  increased markedly 
once the predicted rate  of  heat  loss  exceeded 97 (Borderdale  1999) ,  
105 (Borderdale  2000 and Meat  Qual i ty)  and 108 W/m- 2  (Merino) .   
 
The wind chi l l  index was f i rs t  developed by Siple  and Passel  
(1945)  for  humans working in  Antarct ica .  This  index was designed 
to  measure  the amount  of  heat  lost  by human bare  skin from wind 
speed and temperature  and has  been subsequent ly  found to  be 
inval id  for  woolly  (or  hairy)  animals ,  par t icular ly  a t  wind veloci t ies  
greater  than 40 km per  hour  (Ames & Insley,  1975) .  Further  
inaccuracy was introduced by the fa i lure  to  account  for  the chi l l ing 
effects  of  precipi ta t ion,  though Sykes et  al .  (1976)  s ta ted that  this  
is  of  reduced importance for  new born lambs as  they are  a l ready wet  
f rom amniot ic  f luids .   
 
Sensi t ivi ty  analysis  of  the Coronato (1999)  wind chi l l  model  
ref lects  the  reduced importance of  precipi ta t ion in  cool ing lambs.  In  
the Coronato model ,  the  greatest  var ia t ion in  the predicted rate  of  
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heat  loss  is  induced by wind,  while  temperature  has  a  s l ight ly  less  
inf luence.  By comparison,  the inf luence of  precipi ta t ion is  a lmost  
negl igible  (Coronato,  1999) ,  s imilar  to  the inf luence of  
precipi ta t ion on the wind chi l l  model  der ived by Nixon Smith (1972,  
c i ted in  Donnel ly ,  1984)  and used by Donnel ly  (1984)  and Upret i  
(1989) .  The Coronato model  assumes that  the  ewe is  lambing in  an 
open f ie ld ,  with  random orientation to  wind rain and sun (Mount  
and Brown,  1982 – from whom the Coronato model  was der ived) .   
This  can introduce error ,  as  Sykes (1982)  observed that  the lamb 
was par t icular ly  adept  a t  creat ing a  more favourable  microcl imate  
than is  descr ibed by t radi t ional  meteorology.  Lambs can achieve 
this  by seeking shel ter  and/or  by huddl ing with their  mother /other  
lambs.  Because of  these behavioural  a l terat ions ,  meteorological  
records  l ike those used in  this  s tudy of ten descr ibe more severe  
condi t ions than actual ly  experienced by the lamb,  though i t  i s  
assumed that  this  effect  is  uniform and does not  inf luence the 
val idi ty  of  our  resul ts .  
 
Sire Line Variat ion in Neonatal  Lamb Cold Mortal i ty  
Sire  l ine  var ia t ion in  lamb mortal i ty  due to  cold exposure was 
detected in  a l l  of  the  t r ia ls  unt i l  the  data  was corrected for  the  
inf luence of  bir th  weight  and the predicted rate  of  heat  loss  using 
logis t ic  regression.  Sire  l ine var ia t ion was not  observed in  e i ther  
Borderdale  t r ia l  af ter  account ing for  these f ixed effects ,  though i t  
was s t i l l  observed when the t r ia ls  were  combined into one data  set  
and analysed.  Previous s tudies  by Slee (1985) ,  Slee e t  a l .  (1987)  
and Wolff  e t  a l .  (1987)  have detected evidence of  s i re  l ine var ia t ion 
in  lamb cold tolerance,  though these studies used laboratory 
techniques as opposed to the field technique used here. Unfor tunately,  
there  appears  to  be no previous work that  uses  f ie ld  t r ia ls  analysing 
genet ic  var ia t ion in  cold induced lamb mortal i ty  in  conjunct ion with 
the c l imate  ( the chal lenge)  for  comparison with these resul ts .    
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The studies by Slee (1985)  and Slee et  a l .  (1987)  a lso found 
evidence that  there  may be a  major  gene inf luencing non-shiver ing 
thermogenesis  (and hence neonatal  cold tolerance) .  In  two of  the 
t r ia ls  analysed in  this  s tudy,  s i re- l ine var ia t ion in  cold mortal i ty  
independent  of  bir th  weight  was detected,  suggest ing that  other  
factor(s)  other  than bir th  weight  were responsible  for  the increased 
neonatal  cold tolerance.  Linking al l  of  this  together  could be the 
recent  f inding that  var ia t ion in  the gene coding the  3  adrenergic  
receptor  has  been l inked with var ia t ion in  cold tolerance (R.  
Forrest ,  pers .  comm. ) .   The 3  adrenergic  receptor  is  a  key 
component  in  the catecholamine st imulat ion of  brown adipose t issue 
(Strosberg,  1997) ,  which is  the pr inciple  s i te  of  non-shiver ing 
thermogenesis  in  the newborn lamb (Alexander  & Wil l iams 1968) .  
 
There are  many reasons why s i re  l ine  var iat ion in  lamb 
mortal i ty  caused by cold exposure was detected in  a l l  t r ials  with  the 
except ion of  the two Borderdale  t r ials .  The use of  f ie ld  t r ia ls  made 
i t  d i f f icul t  to  s tandardise  the cold chal lenge experienced by al l  
lambs,  par t icular ly  as  the bi r th  dates  of each s i re  l ine were not  
evenly dis t r ibuted across  the lambing per iod,  leading to  some s i re  
l ines  experiencing worse condi t ions  than others .  The data  in  this  
s tudy was par t ia l ly  s tandardised for  the s t rength of  the cold 
chal lenge,  through the use of  logis t ic  regression,  which also 
adjusted the data  for  var ia t ion in  bir th  weight .  The s t rength of  the 
cold chal lenge must  a lso be suff ic ient  to  cause high lamb mortal i ty .  
In  s i tuat ions where there  is  low mortal i ty ,  the effect  of  genes 
determining resis tance to  c l imat ic  s t ress  can be masked amongst  
normal  lamb death and determining var ia t ion between s i re  l ines  can 
become very diff icul t  (Haley et  al .  1987) .  
 
Fie ld  t r ials  a lso make i t  very diff icul t  to  l imit  the  effects  of  
mothering behaviour  and lamb feeding abi l i ty  on neonatal  lamb cold 
tolerance.  These factors  are  mainly maternal  and confound the 
resul ts  of  s i re  l ine analyses  l ike  this .  The progeny group s ize  in  the 
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Borderdale  t r ia ls  was smal ler  than those in  the Meat  Qual i ty  and 
Merino t r ia ls .  This  would have made i t  more diff icul t  to  detect  any 
var ia t ion between s i re  l ines  and to  show that  this  was a  s ignif icant  
difference.   
 
The overal l  populat ion s ize  of  the Borderdale  breed in  NZ is  
considerably smaller  (n=1500 -  NZ Sheepbreeders  Associat ion,  
2000)  than the Merino breed (n=3 mil l ion – Meat  & Wool  Economic  
Service of NZ,  1999) .  This  potent ia l ly  reduces the amount  of  
genet ic  var ia t ion ( including var ia t ion in  cold tolerance)  present  in  
the Borderdale  breed compared to  the Merino breed or  the Meat  
Qual i ty  progeny,  which are  of  crossbreds .  The cold tolerance of  the 
Borderdales  is  consequent ly  more l ikely to  be negat ively affected 
by inbreeding as  reported by Galal (1981) and Lopez-Villalobos & 
Garrick (1999).  These researchers  have both reported that  the  effect  
of  inbreeding on neonatal  lamb survival  is  re la t ively smal l  and 
inconsis tent .  Lopez-Villalobos & Garrick (1999) also found that the 
effect of inbreeding appeared to  direct ly  inf luence the lambs’  
survival  and not  act  through the ewe.  
 
The diagnosis  of  lamb death due to  cold exposure is  made 
diff icul t  because of  the  interact ions  with  infect ion,  bir th  weight ,  
dystocia ,  s tarvat ion,  bir th  injury and bir th  coat  which can 
predispose lambs to  death from cold exposure (Alexander ,  1984) .  
This  s tudy used a  technique that  ruled out  other  causes  of  death 
ra ther  than actual ly  diagnosing cold death.  I t  i s  thought  that  while  
this  technique may s l ight ly  overest imate  lamb deaths  due to  cold 
exposure  i t  i s  s t i l l  more accurate  than other  methods.  
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2.5 Conclusions 
 
Under  condi t ions that  were representat ive of  typical  New 
Zealand farming condi t ions,  this  s tudy showed that  var ia t ion 
between si res  in  neonatal  cold tolerance exists  within a  range of  
breeds,  given suff ic ient ly  large s ire  groups and genet ic  var ia t ion.  
This  s tudy establ ished that  f ie ld  t r ia ls  ut i l is ing s imple death f rom 
cold exposure diagnosis  are  suff ic ient  to  detect  var iat ion in  the 
presence of  adequate  cold chal lenge.  This  could provide a  basis  for  
se lect ion for  improving the number of  lambs surviving and thus 
rais ing the eff ic iency of  lamb product ion,  par t icular ly  in  f locks 
suffer ing large losses  pr ior  to  weaning which is  a t t ract ive because 
the costs  involved are  small  and non-recurrent  in  contrast  to  the 
a l ternat ive of  improving nutr i t ion,  shel ter  or  increasing the amount  
of  shepherding (Haley et  al .  1987) .  The var ia t ion between s i res  was 
large enough to  be detected in  one generat ion,  which means that  
large genet ic  gains can be made over  one generat ion by the 
select ion of  ‘superior’  parents .  This  is  especial ly re levant  to  
breeding programs ut i l is ing terminal  s i res  where benefi ts  need to  be 
exhibi ted by the progeny.   
 
L a mb  b i r t h  w e i g h t  h a d  a  l a rge  i n f l u en c e  o n  l am b  mor t a l i t y  
d u e  t o  c o l d  e x p o s u r e  a n d  w a s  l a r g e l y  r e s p o n s i b l e  f o r  t h e  
i n f l u e n c e  o f  r a n k  o n  l a mb  m o r t a l i t y  du e  t o  c o l d  e x p o s u r e .  B i r t h  
w e i g h t  w a s  a l s o  f o u n d  t o  b e  c o r r e l a t ed  w i th  t he  age  o f  t he  ewe  a t  
l a mb i n g  a n d  l a mb  g e n d e r ,  t h o u g h  n e i t h e r  o f  t h e s e  f a c t o r s  w e r e  
f o u n d  t o  i n f l u e n c e  l a mb  mo r t a l i t y  d ue  t o  c o l d  e x p o s u r e .  T h e s e  
r e s u l t s  s u g g e s t  t h a t  f u r t h e r  i n v e s t i g a t i o n  i n t o  t h e  g e n e t i c  f a c t o r s  
t h a t  i n f l u e n c e  n e ona t a l  l a m b  c o l d  t o l e r a n c e  ma y  b e  w a r r a n t e d .  I n  
p a r t i c u l a r ,  r e s e a r c h  r e l a t i n g  t o  t h e  d e t e c t i o n  o f  t h e  p o s s i b l e  
ma j o r  g e n e  d e t e c t e d  b y  Slee (1985)  and Slee et  a l .  (1987)    
( C h a p t e r  3 ) .   
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Chapter 3: The Role of Polymorphism in the 3 
Adrenergic Receptor Gene in Cold 
Tolerance and Lean Muscle Growth 
 
Introduction 
Previous s tudies  have  indicated that  there  is  a  major  gene 
influencing neonatal  lamb cold tolerance via  the  catecholamine 
s t imulat ion of  non-shiver ing thermogenesis  (Simpson & Slee,  1988;  
Slee & Simpson,  1991) .  The gene that  codes the 3-adrenergic  
receptor  (3-AR) is  thought  to  be a  l ikely candidate  for  this  major  
gene as  3-ARs are  thought  to  be the major  mediators  of  the 
l ipolyt ic  and thermogenic  effects  of  high catecholamine 
concentrat ions.   
 
Variat ion in  the gene coding the 3 AR has been found in  
humans.  This  consis ts  of  a  s ingle  amino acid subst i tut ion ( the 
t rp64arg mutat ion)  in  the 3 AR gene and has  been associated with 
rapid weight  gain,  low metabol ic  ra te  and improved fer t i l i ty  
(Susul ic  et  al . ,  1995;  Arner  & Lonnqvis t ,  2000) .   Furthermore,  in  
rodent  3-AR gene knockout  models  there  is  a  marked reduct ion in  
the thermogenic  response to  cold and an increase in  fa t  deposi t ion 
(Susul ic  et  al . ,  1995) .  
 
Six al le les  of  the gene coding the ovine 3-AR, which 
segregate  in  a  Mendel ian fashion,  have been ident i f ied by Forrest  et  
al .  (2001) .  These al le les  were l inked to  var ia t ion in  lean muscle  
growth and al though a  correlat ion with neonatal  lamb cold tolerance 
was not  detected,  this  was at t r ibuted to  insuff ic ient  cold chal lenge.  
Further  s tudies  have revealed an associat ion in  one s i re  l ine  
between 3-AR al leles  and neonatal  lamb mortal i ty  due to cold 
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exposure (R.H.  Forrest  pers .  comm. ) .  The l ink between var ia t ion in  
the gene coding the ovine 3-AR and lean muscle  growth is  
potent ia l ly  very important  to  the pr ime lamb industry as  lamb is  
perceived by consumers  as  being overfat  and therefore  is  less  
valuable  (Hammond et  al . ,  1992)  and the product ion of  waste  fa t  is  
ineff ic ient  in  terms of  the energy used (Cameron & Bracken 1992) .  
 
Select ion for  improved lean muscle  growth in  lambs has  been 
made more accurate  through the use of  ul t rasound scanning.  
Ult rasound scanning al lows the quant i ta t ive measurement  of  t issue 
(muscle  and fat )  depths  over  the 13 t h  r ib  in  l ive sheep and is  now 
widely used in  New Zealand,  par t icular ly  in  terminal  s i re  breeds of  
sheep (Binnie  et  al . ,  1997) .  Genet ic  improvement  in  lean muscle  
growth of  terminal  s i re  breeds is  permanent ,  cumulat ive,  re la t ively 
cheap and can be concentrated on a  numerical ly  small  group of  
animals  that  can have a  large genet ic  inf luence upon overal l  lamb 
(meat)  product ion (Simm, 1987;  Cameron & Bracken,  1992) .  
 
A s tudy l inking neonatal  lamb cold  tolerance to  s i re  var ia t ion 
in  the gene coding the ovine 3-AR is  descr ibed in  this  chapter .  The 
lean muscle  growth work of  Forrest  et  al .  (2001)  is  a lso repl icated 
using a  terminal  s i re  breed of sheep ( the Hampshire)  and ul t rasound 
scanning.  This  was intended to  tes t  the  viabi l i ty  of  the  3-AR gene 
as  a  marker  gene for  cold tolerance and/or  lean muscle  growth.  
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3.1 Animals Investigated  
Cold Tolerance:  The f locks used to  analyse s i re  l ine var ia t ion 
in  neonatal  cold mortal i ty ,  descr ibed in  chapter  2 ,  were also used to  
analyse the role  of  the   3 -AR in neonatal  lamb cold tolerance.  
Lean Muscle  Growth:  Three s i re  groups from the Blueview 
Hampshire  Stud Flock were used to  assess  the role  of  the  3 -AR in 
lean muscle  growth in  lambs before  weaning.  The lambs were 
weaned on the f i rs t  of  December (2000)  when the average age of  the 
lambs was  89 days.  After  lambing,  the ewes and lambs were 
maintained in  one mob on perennial  ryegrass  (Lolium perenne )  and 
clover  (Tri fol ium pratense & Tri fol ium repens )  pasture  wi th no 
ar t i f ic ia l  supplements .   
 
 
3.2 Methods 
Blood Collection, DNA Purif ication and Extraction 
Whole blood was col lected from the s i res  involved in  the cold 
tolerance t r ia ls  and from the progeny in  the Hampshire  f lock that  
were measured for  lean muscle  growth.  This  was achieved ei ther  via  
venopuncture  or  by taking a  smal l  notch out  of  the  ear  of  the  animal  
and col lect ing some blood onto FTA  cards  (Life  Technologies ,  
Gai thersburg,  U.S.A.) .  The blood was then al lowed to  dry on the 
card and was s tored in  darkness  a t  room temperature  unt i l  analysis .  
The DNA on the FTA  cards  was then purif ied according to  
manufacturer’s  inst ruct ions (see Appendix 3) .  
 
Amplif ication of Gene Coding the 3  Adrenergic Receptor.  
 From the purif ied DNA on the FTA  cards ,  a  225 base pair  
region within the s ingle  large intron which interrupts  the coding 
sequence of  the ovine  3 -AR gene was amplif ied using the 
Polymerase Chain React ion (PCR).   
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The pr imers  used in  the PCR were designed from the ovine  3 -
AR gene sequence (Forrest  & Hickford,  2000;  GenBank accession 
no.  AF109928) .  The pr imer  sequences used were as  fol lows:  
Forward pr imer  5 '-TCTTACCATCACGCGAGCTGGCT-3 '  and 
reverse  pr imer  5 ' -ACTCCAACCCGACCCGCTTC-3' .  For  each 
sample,  a  20 L react ion containing 1  PCR buffer  and 1 U of  Taq  
polymerase (Qiagen,  GmBH, Hilden,  Germany) ,  100 M  dNTPs,  250 
nM  of  each pr imer  and 100 ng of  ovine genomic DNA (standards)  or  
one FTA punches (samples)  were amplif ied using 30 cycles  of  94C 
for  30s (denaturat ion) ,  65C for  30s (anneal ing) ,  and 72C for  30s 
(elongat ion) .  The PCR products  were then confirmed on a  1% 
agarose gel  in  1    TBE (89 mM Tris  borate ,  89 mM Boric  acid & 2 
mM Na 2EDTA (pH 8.0)) ,  which was run for  30 minutes  a t  5  vol ts  
per  cent imetre .  
 
Detection of 3  Adrenergic Receptor Polymorphism. 
PCR-Single  Strand Conformation Polymorphism (PCR-SSCP) 
was used to  screen for  polymorphism at  the ovine  3 -AR locus using a  
method s imilar  to  Forrest  et  al .  (2001) .  A 3 L al iquot  of  each 
product  was mixed with 14 L of  loading dye (95% formamide,  20 
mM EDTA, 0.05% bromophenol  blue,  0 .05% xylene cyanol) ,  
denatured for  5  min at  95C and then appl ied to  a  11% 
polyacrylamide:bisacrylamide (37.5:1)  gel  (16   18 cm, 1 .0  mm 
spacers ,  20 wel l  comb) containing 1% formamide and 2% glycerol .   
The samples  were separated at  220 V for  17 hours  using a  Protean II  
cel l  (BioRad,  Hercules  CA, USA).   Electrophoresis  was performed in  
a  10C room with 12C water  c i rculat ing through the cel l  core .   Gels  
were s i lver-s ta ined according to  the method of  Sanguinet t i  et  al .  
(1994)  and the banding pat terns  compared to  the s tandards ident i f ied 
by Forrest  et  al .  (2001) .  These s tandards were der ived from Merino 
and Borderdale  animals  ident i f ied by PCR-SSCP as  being 
homozygous for  each of  the  3 -AR al leles .  
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DNA Sequencing and Analysis 
No animals  f rom the Hampshire  breed had previously been 
typed for  the  3-AR gene,  so f rom 4 animals  ident i f ied by PCR-
SSCP as  being homozygous,  the 225bp region of  the  3-AR intron 
was sequenced to  confirm al le le  ident i ty .  The sequence for  each 
fragment  was determined direct ly  f rom PCR products .   Sequencing 
was performed by the Waikato DNA Sequencing Faci l i ty ,  Univers i ty  
of  Waikato,  New Zealand.   Electronic  copies  of  the sequences were 
edi ted using the pr inted electropherograms.  Mult i -a l le le  a l ignments  
(DNA) were carr ied out  using DNAMAN™ (Lynnon BioSoft ,  
vers ion 4.0) .   
 
Cold Mortal i ty & Climate Data 
The cold mortal i ty  and cl imate  data  used in  this  sect ion was the 
same as  that  used to  analyse s i re  l ine  var iat ion in  neonatal  cold 
mortal i ty  (Chapter  2) .  
 
  Measurement of Lamb Lean Muscle Growth 
The lambs were weighed at  bir th  and then again at  weaning,  
when ul t rasound scanning also took place.  Lamb growth rate  was 
calculated by the fol lowing equat ion:  
 
Growth Rate  = Weaning weight  (kg)   –  bir th  weight  (kg)  
                          Age at  weaning (days)  
 
Ul t rasound scanning using an Aloka SSD 210DX Echo Camera 
(Aloka Co.  Limited,  Tokyo,  Japan)  was used to  measure t issue 
depths  ( fa t  and muscle)  above the 13 t h  r ib  of  each lamb.  The age of  
the ewe,  bir th  rank and lamb gender  was also recorded at  bi r th .  
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Statist ical  Analysis 
Cold Tolerance:  The cold mortal i ty  and cl imate  data  from 
chapter  2  was combined into one data  set  and analysed in  SPSS  
(Version 10.0,  SPSS Incorporated,  Chicago).  The predictor  var iables  
ident i f ied in  chapter  2  as  inf luencing lamb mortal i ty  due to  cold 
exposure (bir th  weight ,  c l imate ,  s i re)  and the corresponding s i re  3 -
AR genotype for  each lamb was analysed against  each other  using 
chi-square,  1-way ANOVA, correlat ion and T-test  techniques to  
quant i fy  the rela t ionship between them. Logis t ic  regression was 
used to  calculate  the combined effects  of  s i re  genotype,  bir th  
weight ,  the  predicted rate  of  heat loss  and t r ia l  upon cold induced 
lamb mortal i ty .  The accuracy of  the logis t ic  regression models  was 
calculated in  a  s imilar  manner  to  that  descr ibed in chapter  2.  
 
Lean Muscle  Growth:  The effect  of  s i re ,  dam age,  lamb 
gender ,  bir th  rank and lamb  3 -AR genotype were analysed against  
the  components  of  lean muscle  growth (bir th  weight ,  growth rate ,  
muscle  and fat  depth)  using chi-square (categorical  var iables)  and 
1-way ANOVA (cont inuous var iables)  methodologies  in  SPSS .  
From these analyses,  the  var iables  that  had a  s ignif icant  inf luence 
upon lean muscle  growth were es tabl ished.  The relat ionship between 
these var iables  was then quant i f ied using chi-square,  1-way 
ANOVA, correlat ion and independent  samples  T-test  techniques .  
Those var iables  with no s t rong interrelat ionship(s)  were retained for  
subsequent  analysis  a long with the most  s ignif icant  var iable  of  any 
related pair ing.  Comparison of  the most  common al le le  
combinat ions (n>10)  upon bir th  weight ,  growth rate ,  muscle  depth 
and fat  depth was analysed using a  General  Linear  Model  (GLM) 
which included the predictor  var iables  ident i f ied above as  
inf luencing lean muscle  growth.  
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3.3 Results 
Lamb Mortality due to Cold Exposure 
PCR-SSCP analysis  of  the 15 s i res  ( f rom four  t r ia ls)  revealed 
s ix  different  a l le les  in  ten different  combinat ions (Table  4) .   
 
Table 4:   3 -AR genotype of  a l l  the  s i res  used in the cold tolerance 
s tudy.  
 
Flock  Year  S ire   3 -AR genotype  Number  o f  Progeny  
Borde rda le  1999  16-95  AC 59  
 1999  82-95  AA 72  
 1999  25-94  BF  60  
 1999  4 -97  AA 76  
 2000  226-98  AF  166  
 2000  263-98  AB 63  
Mea t   2000  8585  DE 89  
Qua l i ty  2000  122-98  EF  157  
 2000  8512  EF  150  
 2000  238-97  AA 97  
 2000  8255  AE 121  
 2000  159-97  AC 126  
Mer ino  2000  GLD26  CC 54  
 2000  R356  DE 51  
 2000  EN132  CD 43  
 
 
Logis t ic  regression analysis  of  lamb mortal i ty  due to  cold 
exposure and the s i re   3-AR genotype revealed that  there  was 
var ia t ion between s i re  3 -AR genotypes (p=0.001) .   Chisquare 
analysis  showed that  lambs from sires  with  the CD  3 -AR genotype 
had the highest  mortal i ty  and lambs from sires  with the BF  3 -AR 
genotype had the highest  mortal i ty  (Figure 14) .  
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Figure 14:  The uncorrected amount  of  lamb mortal i ty  due to  cold 
exposure for  each s i re  3-AR genotype.  Percentages that  
are  s ignif icant ly  different  (p<0.05)  are  represented by 
the different  a lphabet ic  subscripts  a t  the  top of  each bar .  
 
Accuracy of the Logistic Regression Model Predicting Lamb Mortality  
 
The accuracy of  the logis t ic  regression model  used to  analyse 
the varia t ion between s i re  genotypes in  lamb mortal i ty  due to  cold 
exposure was 0.1%, though there  was very l i t t le  error  in  the logis t ic  
regression model  predict ion of  which lambs would die  form cold 
exposure.  The error  was confined mainly to  the predict ion of  which 
lambs would survive cold exposure (146 such errors  compared to  6  
in  the predict ion of  which lambs would die  f rom cold exposure) .  
This  was the resul t  of  more lambs dying than was expected af ter  
analysing the combined effects  of  s i re ,  bir th  weight  and the 
predicted rate  of  heat loss .  
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Lean Muscle Growth 
Univaria te  analysis  revealed s i re  l ine var ia t ion in  lamb growth 
rate  (p=0.004)  but  not  in  bir th  weight  (p=0.416) ,  muscle  depth 
(p=0.061)  or  in  fa t  depth (p=0.888) .  Sire  pair  comparison revealed 
that  the progeny of  321/98 had faster  growth rates  than the progeny 
of  e i ther  984/97 (p=0.002)  and 309/98 (p=0.006 -  Table  5) .  When 
the data  was corrected for  the age of  the dam, bir th  rank and lamb 
gender  using a  general  l inear  model ,  s i re  l ine  var ia t ion was only 
detected in growth rate  (p=0.046),  though a  t rend was observed in  
muscle  depth (p=0.096).  No var iat ion between si re  l ines  was 
observed in  e i ther  bi r th  weight  (p=0.448) or  fa t  depth (p=0.906) 
when the data  was corrected using the general  l inear  model .  
 
Table 5:  Sire  l ine  var ia t ion in  lean muscle  growth.  Signif icant ly  
different  means (p<0.05)  in  each column are  represented 
by different  a lphabet ic  subscr ipts .  
 
   Average  
S ire  S ire  
Genotype  
Number  
o f   
Progeny  
Bir th  
Weight  
(kg)  
Growth  
Rate  
(kg /day)  
Musc le  
Depth  
(mm)  
Fat  
Depth  
(mm)  
309 /98  BE 19  4 .89 0 . 5 4  0 .345 0 . 0 7 a  23 .53 2 . 7 0  3 .84 1 . 8 9  
321 /98  EE  11  5 .22 0 . 9 2  0 .426 0 . 0 6 b  25 .63 1 . 6 9  4 .09 1 . 2 2  
984 /97  BE 26  5 .19 0 . 9 6  0 .334 0 . 0 8 a  24 .19 2 . 2 0  3 .96 1 . 4 3  
 
PCR-SSCP analysis  of  the  3-AR gene revealed that  4  different  
a l leles  inher i ted in typical  Mendel ian fashion were present  in  the 
progeny of  the lean muscle  t r ia l  (Figure 15) .  Of these 4 al le les ,  
a l leles  E and B were inheri ted from the s i res  and al leles  A and C 
were observed in  heterozygous progeny (some of  which are  not  
shown in Figure 15) .  The overal l  f requency of  the al le les  A,  B,  C 
and E in  the Hampshire  f lock was 0.02,  0 .30,  0 .05 and 0.63 
respect ively,  while  the genotype frequencies  were 0.414 (EB),  0 .360 
(EE),  0 .108 (CE),  0 .072 (BB),  0 .018 (AB) and 0.018 (AE).   
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Animal:        Standards  Sire         Progeny     .   
Alleles:  A     B    C     D     E      F  BE   AB  BE   EE   EE   BB  BE  BB  BE   BE    EE  EE   BB BE 
                             
  
 
 
Figure 15:  PCR-SSCP gels  containing the ovine  3  AR al le le  
s tandards  and some of  the progeny of  984/97.  The genotype of  
twins  is  underl ined so that  the inheri tance can be observed.  
 
Sequence analysis  of  the homozygous 3  AR genotypes present  
in  the  lean muscle  t r ial  (Table  7)  revealed that  the  sequences  of  
a l leles  E and B were ident ical  to  the s tandards  ident i f ied by Forrest  
et  al .  (2001) .  The effect  of  inher i t ing ei ther  of  these al le les  ( i .e .  BE 
vs .  EE – the only genotypes present  in  more than 6 progeny)  upon 
the components  of  lean muscle  growth was analysed.  No difference 
(p<0.05)  between which al le le  was inheri ted was observed in  bir th  
weight ,  growth rate ,  muscle  depth or  fa t  depth even when the data  
was corrected for  the age of  the dam, bir th  rank and lamb gender  
using a  general  l inear  model  (Table  6) .   
 
Table 6:  Varia t ion between 3  AR genotypes in  lean muscle  growth.  
The s tandard deviat ion for  each measurement  is  shown.  
 
  Average  
3 AR 
Genotype  
Number  o f   
Progeny  
Bir th  
Weight  
(kg)  
Growth  
Rate  
(kg /day)  
Musc le  
Depth  
(mm)  
Fat   
Depth  
(mm)  
BE 22  5 .08 0 . 9 5  0 .352 0 . 0 9 0  24 .45 2 . 3 6  3 .77 1 . 5 7  
EE  20  5 .17 0 . 7 8  0 .370 0 . 0 7 1  24 .50 2 . 4 8  4 .10 1 . 4 8  
Overa l l  42  5 .12 0 . 8 6  0 .361 0 . 0 8 0  24 .48 2 . 3 9  3 .93 1 . 5 2  
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Table 7:   DNA sequences of  the ovine  3 -AR al le le  s tandards and 
the two most  common al leles present  in  the lean muscle  
growth t r ia l  
 
Allele A TCTTACCATCACGCGAGCTGGCTTTGACTTGCCGAGACTAGAGGGCAACC 50 
Allele B -------------------------------------------------- 50 
560-00   -------------------------------------------------- 50 
566-00   -------------------------------------------------- 50 
Allele C -------------------------------------------------- 50 
Allele D -------------------------------------------------- 50 
Allele E --------------------------------T---------.------- 49 
321-98   --------------------------------T---------.------- 49 
554-00   --------------------------------T---------.------- 49 
Allele F -------------------------------------------------- 50 
 
Allele A CCCCATTCCCTGCCCCACCCCATCCCCGCGCCAGTCCCCAAGCCTTCGGG 100 
Allele B -------------------------------------------------- 100 
560-00   -------------------------------------------------- 100 
566-00   -------------------------------------------------- 100 
Allele C -------------------------------------------------- 100 
Allele D ------C-------------------------C----------------- 100 
Allele E --------------------------------------------------  99  
321-98   --------------------------------------------------  99  
554-00   --------------------------------------------------  99  
Allele F ------------T------------------------------------- 100 
 
Allele A CTCAGTTCTGGTTTCTTTGGAAAGTCTGATAGCCCCGAAGGTGAGGATTC 150 
Allele B -------------------------------------------------- 150 
560-00   -------------------------------------------------- 150 
566-00   -------------------------------------------------- 150 
Allele C -------------------------------------------------- 150 
Allele D -------------------------------------------------- 150 
Allele E -------------------------------------------------- 149 
321-98   -------------------------------------------------- 149 
554-00   -------------------------------------------------- 149 
Allele F -------------------------------------------------- 150 
 
Allele A GCTTCCGGAATGAAGGCTAGCGGGGCTGAGGAAGCTGCGAGTGCGAATTC 200 
Allele B ---------------------A---------------T------------ 200 
560-00   ---------------------A---------------T------------ 200 
566-00   ---------------------A---------------T------------ 200 
Allele C ---------------------A---------------T------------ 200 
Allele D ---------------------C---------------------------- 200 
Allele E ---------------------A---------------T------------ 199 
321-98   ---------------------A---------------T------------ 199 
554-00   ---------------------A---------------T------------ 199 
Allele F ---------------------A---------------T------------ 200 
 
Allele A   TTCCCCAGTAGGAAGCGGGTCGGGTTGGAGT                    231 
Allele B   --A-T--------------------------                    231 
560-00     --A-T--------------------------                    230 
566-00     --A-T--------------------------                    230 
Allele C   ----T--------------------------                    231 
Allele D   -------------------------------                    231 
Allele E   ----T--------------------------                    230 
321-98     ----T--------------------------                    230 
554-00     ----T--------------------------                    230 
Allele F   ----T--------------------------                    231 
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Male lambs were ident i f ied as  having higher  growth rates  than 
female lambs (p=0.007)  and a  t rend that  lambs born to  older  ewes 
also grew faster  (p=0.062)  was detected.  No difference (p<0.05)  
between males  and females  or  between ewes of  different  ages  was 
observed in  bir th  weight ,  muscle  depth or  fa t  depth.  
 
3.4 Discussion 
Lamb Mortality due to Cold Exposure 
Variat ion between the s i re   3  AR genotypes in  lamb mortal i ty  
due to  cold exposure was observed unt i l  the  data  was corrected for  
the inf luence of  bir th  weight  and the predicted rate  of  heat  loss .  
Sire  genotype var ia t ion was not  observed in  the Borderdale  t r ia l  
af ter  account ing for  these f ixed effects ,  though i t  was s t i l l  observed 
when the combined data  set  was analysed.   
 
The accuracy of  this  analysis  is  quest ionable ,  as  the major i ty  of  
the  s i re  3  genotypes were only represented by a  s ingle  s i re ,  thus 
making i t  impossible  to  different ia te  the effects  of  each s i re   3  
genotype from general  s i re  effects .  The environment  would not  have 
been s tandardised for  the genotypes that  were only represented by a  
s ingle  s i re ,  as  they only represented one t r ia l  out  of  four .  Therefore ,  
the  var ia t ion between some of  the s i re  genotypes in  lamb mortal i ty  
due to  cold exposure could have been due to  var ia t ion between 
t r ia ls .   
 
Previous work by Forrest  et  al .  (2001)  has  found that  lamb 
deaths  occurr ing within the f i rs t  week of  bir th  could not  be 
a t t r ibuted to  the inher i tance of  a  par t icular   3 -adrenergic  receptor  
a l le le ,  though this  was thought  to  be because there  were insuff ic ient  
cold deaths  to  ascer ta in the affect  of   3  AR al le les  on cold survival  
(Forrest  et  al .  2001) .   This  work ut i l ised segregat ion analysis ,  
which is  a  much more powerful  experimental  design than that  used 
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here ,  though i t  requires  the genotype of  a l l  of  the progeny (dead and 
al ive)  f rom heterozygous s i res  to  be recorded.  Segregat ion analysis  
measures  the var ia t ion between the two al le les  inher i ted from a 
heterozygous s i re .  The logis t ic  regression models  were reasonably 
accurate  a t  predict ing lamb mortal i ty  due to  cold exposure,  though 
s imilar  to  the logis t ic  regression models  descr ibed in  chapter  2 ,  
lamb mortal i ty  due to  cold exposure was predicted bet ter  than lamb 
survival .   
 
PCR-SSCP analysis  of  the 15 s i res  ( f rom 4 t r ia ls)  revealed that  
a l l  of  the  s ix   3-AR al leles  previously ident i f ied by Forrest  et  al .  
(2001)  were present  in  the lean muscle  growth t r ia l .  The s ix  a l le les  
were arranged in  10 different  genotypes,  with AA being the most  
common genotype (found in  3  s i res)  and al le le  C the only al le le  
found in  a l l  t r ia ls .  There were 4 different  a l le les  ident i f ied in  the 
s i res  of  the  Borderdale  t r ials  (both years) ,  5  in  the Meat  Qual i ty  
t r ia l  and 3 in  the Merino.  This  difference in  genet ic  var ia t ion 
between t r ia ls  is  expected consider ing the number  of  s i res  in  each 
t r ia l  and rela t ive populat ion s izes of  each breed in  New Zealand.  
The overal l  populat ion s ize  of  the Borderdale  breed in  NZ is  
considerably smal ler  than the Merino breed,  which potent ia l ly  has  
large implicat ions upon the amount  of  var ia t ion present  in   3 -AR 
locus within these breeds.  The Meat  Qual i ty  t r ia l  i s  made up of  
crossbred progeny,  which are  consequent ly  more genet ical ly  diverse  
than pure-breds.   
 
Lean Muscle Growth  
Variat ion between s i re  l ines  was found in  lamb growth rate ,  but  
not  in  bir th  weight ,  muscle  depth or  in  fa t  depth when a  univar ia te  
analysis  of  the data  was carr ied out .  When the data  was corrected 
for  the age of  the dam, rank and lamb gender  using a  general  l inear  
model ,  s i re  l ine  var ia t ion was s t i l l  only detected in  growth rate  and 
not  in  bir th  weight ,  muscle  depth or  fa t  depth.  Previous s tudies  have 
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found genet ic  var ia t ion in  lean muscle  growth including s i re  l ine 
var ia t ion in  bir th  weight  observed in  the Borderdale  and Meat  
Qual i ty  t r ia ls  in  the lamb mortal i ty  s tudy.  Breeding programs by 
Simm and Dingwall  (1989) ,  Cameron and Bracken (1992)  and Clarke 
et  al .  (1998)  es tabl ished that  there  is  s ignif icant  genet ic  var ia t ion in  
growth rate ,  muscle  depth and fa t  depth (measured using ul t rasound 
scanning)  for  progress  to  made by select ing for  these t ra i ts .  
Heri tabi l i t ies  of  between 0.20 and 0.30 for  growth rate  ( reviewed in  
Parrat t  and Simm, 1987;  Croston et  al .  1983) ,  between 0.22 and 
0.43 for  muscle  depth and between 0.16 and 0.35 for  fa t  depth have 
been est imated in  typical  terminal  s i re  breeds (Suffolks  -  Simm and 
Dingwall ,  1989;  Texel  Oxford crossbreds -  Cameron and Bracken,  
1992 and Landcorp “Lamb Supreme” composi tes  -  Clarke et  al .  
1998) .   
 
PCR-SSCP analysis  of  the  3-AR gene revealed that  4  different  
a l leles  inher i ted in typical  Mendel ian fashion were present  in  the 
lean muscle  t r ia l  and sequence analysis  revealed that  the sequences 
of  a l le les  E and B were ident ical  to  the s tandards ident i f ied by 
Forrest  et  al .  (2001) .  The overal l  f requency of  the al le les  was qui te  
different  to  that  observed by Forrest  et  al .  (2001)  in  25 unrelated 
New Zealand Merino rams.  The high frequencies  of  the B and E 
al leles  is  not  surpris ing as  the  f lock is  reasonably interrelated and 
these were the only al le les  detected in  the s i res .   
 
The effect  of  inher i t ing the B al le le  versus  inheri t ing an E 
al le le   ( i .e .  BE vs.  EE) on the var ious components  of  lean muscle  
growth was analysed.  No difference (p>0.05)  between which al le le  
was inheri ted was observed in  bi r th  weight ,  growth rate ,  muscle  
depth or  fa t  depth even when the data  was corrected for  the age of  
the  dam, bir th  rank and lamb gender  using a  general  l inear  model .  
Age of  dam, bir th  rank and lamb gender  are  a l l  factors  that  have 
been ident i f ied as  inf luencing lean muscle  growth (Alexander ,  
1974) .  In  this  s tudy,  male  lambs were found to  grow faster  and a  
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t rend was detected showing that  lambs did l ikewise.  No effect  due 
to  bir th  rank was found and none of  the factors  were found to  
inf luence muscle  and fat  depths .  I t  wasn’t  possible  to  correct  
muscle  depth and fat  depth for  weight  in  the general  l inear  model ,  
as  the  correlat ion between the t rai ts  was too high.   
 
The lack of  response to  var ia t ion in  3 -AR genotype in  this  
s tudy contrasts  with the f indings of  Forrest  et  al .  (2001)  where 
segegrat ion analysis  within one Borderdale  s i re  l ine (genotype AC) 
es tabl ished that  the  inheri tance of  a  part icular  3-AR al le le  (A) was 
associated with decreased t issue depth over  the thir teenth r ib  (GR),  
compared to  progeny that  inher i ted the other  s i re  a l lele  (C) .  The GR 
measurement  used by Forrest  et  al .  (2001)  was based upon a  
subject ive measurement  made by feel ing the amount  of  fa t  covering 
the muscle  on a  lamb’s  r ib .   Forrest  et  al .  (2001)  a lso found that  the 
inheri tance of  a  par t icular  s i re  a l lele  did not  affect  bir th  weight  or  
growth rate  in  e i ther  the Merino or  Borderdale  l ines ,  nor  did i t  
affect  GR at  weaning in  the Merino l ines .  The use of  segregat ion 
analysis  was not  possible  in this  s tudy because the number  of  
progeny from the heterozygous s i res  was not  suff ic ient .   
 
Genes with major  effects  ( responsible  for  more than 20% of  the 
observed phenotype)  have been previously ident i f ied in  sheep.  
These genes have mainly been restr ic ted to  those inf luencing 
fecundi ty  (Booroola  (Fec B) ,  Inverdale  (FecX)  and Javanese (Fec J)) ,  
though the Cal l ipyge and Carwel l  genes  are  bel ieved to  be the f i rs t  
major  genes discovered in  sheep that  inf luence lean muscle  growth.  
The Cal l ipyge and Carwell  genes appear  to  cause marked increases  
in  muscle  mass  and a  decrease in  overal l  carcass  fa tness .  Genes with  
s imilar  major  effects  have already been ident i f ied in  cat t le  and pigs  
(Fahmy,  1999) .   
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The ewes in  the lean muscle  growth t r ia l  were exposed to  
toxoplasmosa gondi i  (Appendix 1)  during pregnancy.  This  had a  
negat ive effect  on the number of  lambs present  a t  weaning and 
consequent ly  reduced the number of lambs measured for  lean muscle  
growth.  This  would have made i t  more diff icul t  to  detect  any 
var ia t ion between lamb genotypes and to  show that  this  was a  
s ignif icant  difference.  I t  i s  possible  that  the  var ia t ion in  genotypes 
may have also been reduced by these deaths .   
 
One avenue of  research not  pursued here  was the comparison of  
 3 -AR genotypes with es t imated breeding values  (EBVs) for  any of  
the  t ra i ts  s tudied.  While  there  isn’ t  any reported t r ia ls  using EBVs 
to  select  for  neonatal  lamb cold tolerance,  their  use  in  breeding 
programs select ing for  lean muscle  growth is  wel l  es tabl ished.  The 
benefi ts  of  comparing  3 -AR genotypes with EBVs in a  t r ia l  l ike this  
is  that  EBVs more accurately  represent  the t rue “genet ic  value” of  
an individual  than the raw data  used in  this  s tudy.  
 
3.5 Conclusions 
Genes of  major  effect  have been previously detected in  sheep,  
though none have been ident i f ied that  inf luence neonatal  lamb cold 
tolerance.  Slee found evidence that  one exis ted in  the catecholamine 
s t imulat ion of  brown adipose thermogenesis  and there  is  evidence 
that  indicates  that  the   3 -AR gene is  a  l ikely candidate .  However ,  
this  hypothesis  was not  confirmed in  this  s tudy,  though i t  appears  
that  the resul ts  were confounded by an unsui table  experimental  
design.  The role  of the   3-AR gene in  lean muscle  growth in  lambs 
was also invest igated.  While  var iat ion was found between s i re  l ines  
in  lamb growth rate ,  var ia t ion between lamb genotypes was not  
observed.   So while  i t  appears  that  the resul ts  were confounded by 
experimental  design,  there  is  evidence that  inf luence of  
polymorphism in the ovine 3 AR gene on neonatal  lamb mortal i ty  
and/or  lean muscle  growth is  not  suff ic ient  to  be considered a  major  
gene effect .  
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Chapter 4: General Summary and Future Directions 
 
 
 
Neonatal  lamb survival  has  an extremely low heri tabi l i ty ,  
resul t ing from the large number  of  environmental  and genet ic  
factors  that  inf luence i t  (Alexander ,  1984) .  Consequent ly  the ra te  
of  improvement  in  lamb survival  has  been reasonably low.  By 
focussing upon an important  component  of  lamb survival  (neonatal  
cold tolerance)  with a  higher  her i tabi l i ty  (es t imated at  around 0.3 
(Slee & Stott,  1986, Wolff et al. ,  1987)) ,  much fas ter  improvement  
is  possible .   
 
U n d e r  c o n d i t i o ns  t h a t  w e r e  r e p r e se n t a t i v e  o f  t y p i c a l  N ew  
Z e a l a n d  f a r mi n g  c o n d i t i o ns ,  t h i s  e x pe r i me n t  w a s  s u f f i c i e n t  t o  
s h o w t h a t  t h e r e  was  p henotypic  var ia t ion between s i re  l ines  
var iat ion in  neonatal  lamb cold tolerance.  This  indicates  that  s i r e  
s e l e c t i o n  i s  s u f f i c i e n t  t o  b r ee d  c o l d  t o l e r a n t  l a m b s  p r o v i d e d  
t h e r e  a r e  s u f f i c i e n t l y  l a r g e  s i r e  g roups  and  gene t i c  va r i a t i on .  
L a mb  b i r t h  w e i g h t  w a s  a l s o  f o u n d  t o  h a v e  a  l a r g e  i n f l u e n c e  o n  
l a mb  mo r t a l i t y  d u e  t o  c o l d  ex p o s u r e  a n d  w a s  a l s o  f o u n d  t o  b e  
l a r g e l y  r e s p o n s i b l e  f o r  t h e  i n f l u e n c e  o f  b i r t h  r a n k  o n  l a m b  
mor t a l i t y  due  t o  co ld  exposu re  (Chapter  2) .   
 
These f indings have great  implicat ions for  the sheep industry.  
The presence of  s i re  l ine  var ia t ion in  neonatal  lamb cold tolerance 
means that  s i re  select ion can be used to  breed cold tolerant  lambs 
and reduce reproduct ive wastage.  This  is  of  par t icular  importance 
to  farmers  in  areas  that  are  regular ly  exposed to  adverse weather  
condi t ions  leading to  high neonatal  lamb mortal i ty  and to breeds of  
sheep that  are  more suscept ible  to cold exposure than others .  The 
opt ion of  improving lamb viabi l i ty  by genet ic  select ion is  
a t t ract ive because the costs  involved are  small  and non-recurrent  in 
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contrast  to  the a l ternat ives  of  improving nutr i t ion,  shel ter  or  
increasing the amount  of  shepherding (Haley et  al .  1987) .  
 
Low bir th  weight  was found to  have a  large inf luence on 
neonatal  lamb cold tolerance due to  cold tolerance in  this  s tudy.  
Genet ic  var ia t ion in  bir th  weight  has  a lso been observed by other  
researchers  (McGuirk et  al . ,  1982;  Smith,  1977;  Dwyer et  al . ,  
2001) and in  par ts  of  this  s tudy.  Although lambs with high bir th  
weights  are  predisposed to  dystocia  (Scales  et  al . ,  1986) ,  this  
resul t  suggests  that  genet ic  var ia t ion in  bir th  weight  may be  worthy 
of  fur ther  s tudy as  a  method of  reducing neonatal  lamb mortal i ty .  
Direct  select ion for  this  t rai t  i s  possible ,  and there  is  no 
requirement  for  an unpredictable  cold chal lenge (Haley et  al .  
1987) .  The inf luence of  bir th  weight  on neonatal  lamb mortal i ty  
due to  cold exposure has  major  implicat ions for  the high fecundi ty  
breeds l ike the Booroola  Merino and Finnsheep.   Due to  the large 
l i t ter  s ize of  these breeds,  the offspr ing are  general ly  l ighter  than 
lambs from other  breeds and consequent ly  more suscept ible  to  
death f rom cold exposure (Hinch et  al .  1985) .  Because of  these 
factors ,  fu r t h e r  i nv e s t i ga t i o n  i n t o  t he  gene t i c  f a c to r s  i n f l uenc ing  
b i r t h  we igh t  and  hence  neona ta l  l a m b  c o l d  t o l e r a n c e  i s  
w a r r a n t ed .  H o w e v e r ,  t h e  b i r t h  w e i g h t  o f  l a mb s  i s  d e p e n d e n t  
u p o n  a  l a r g e  n u mb e r  o f  f a c t o r s  ( ma t e r n a l  d i s e a s e ,  b i r t h  r a n k ,  
s e x ,  p a r e n t a l  b r e e d ,  ma t e r n a l  a ge ,  s i z e  and  pa r i t y  (A lexande r ,  
1 9 7 4 ) ) ,  m a k i n g  g e n e t i c  i mp r o v e me n t  d i f f i c u l t ,  a l t h o u g h  d i r e c t  
s e l e c t i o n  fo r  t h i s  t r a i t  i s  p o ss i b l e  (Haley et  al .  1987) .   
 
Sire  l ine analysis  l ike that  used to  analyse neonatal  lamb 
mortal i ty  due to  cold exposure may not  be as  powerful  as  other  
methods of  assessing the genet ic  var ia t ion of  par t icular  t ra i ts ,  but  
i t ’s  s tudy is  of  par t icular  importantance to  commercial  breeding 
programs ut i l is ing terminal  s i res .  Terminal  s i res  are  expected to  
pass  on genes conferr ing an immediate  improvement  in  
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performance,  whereas  improvement  that  occurs  across  many 
generat ions as  is  acceptable  in  self-replacing f locks.  
 
Detai led invest igat ion of  the effects  of  var ia t ion in  the gene 
coding the  3  AR on cold tolerance and lean muscle  growth showed 
that  polymorphism in s i re   3  AR genotypes is  l inked with cold 
mortal i ty  (Chapter  3) .  Genes of  major  effect  have been previously 
detected in  sheep,  though none have been previously ident i f ied that  
inf luence neonatal  lamb cold tolerance.  While  there  is  evidence 
that  polymorphism in the 3 -AR gene inf luences neonatal  lamb 
cold tolerance,  this  hypothesis  was not  confirmed in  this  s tudy.  
The resul ts  were confounded,  however ,  by an unsui table  
experimental  design.  A s imilar  lack of  response to  var ia t ion in  the 
 3 -AR gene from lean muscle  growth was also detected.  While  
var ia t ion between s i re  l ines  in  lamb growth rate  was found,  
var ia t ion between lamb genotypes in any of  the components  of  lean 
muscle  growth was not  observed.  Consequent ly  there  is  no 
evidence that  the  use of  the 3  AR gene as  a  genet ic  marker  for  
e i ther  cold tolerance or  lean muscle  growth in  lambs is  possible .  
Marker  ass is ted select ion would have increased the rate  of  genet ic  
progress  and removed the need for  lambs to  be chal lenged with 
cold in  order  to  select  for  resis tance.  Thus the use of  marker  
ass is ted select ion can reduce or  even el iminate  the costs  involved 
with the loss  of  product ion during such chal lenges and the 
phenotypic  measurement  of  the  t rai ts ,  as  wel l  as  being moral ly  
acceptable  (Garr ick & Spelman 1996,  Davis  & DeNise 1998) .   
 
In  an ideal  s i tuat ion,  the  resul ts  of  this  experiment  need to  be 
repl icated to  ensure their  accuracy.  The accuracy of  this  s tudy 
would also benefi t  f rom some improvement  in  experimental  design.  
Diff icul t ies  ar is ing from the use of f ie ld  t r ia ls ,  inadequate  progeny 
group s izes  and f locks with low genet ic  var ia t ion are  discussed in  
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the experimental  chapters .  Some of these diff icul t ies  would be easy 
to  rect i fy  i f  adequate  resources  were avai lable .  Water  sprayers  
( ‘ar t i f icial  rain’)  and fans  ( ‘ar t i f icia l  wind’)  can be used to mimic 
adverse  environmental  condit ions during lambing,  thus  
s tandardising and guaranteeing suff ic ient  cold chal lenge across  a l l  
lambs involved in  the t r ia l .  Whether  i t  would be moral ly  and 
economical ly  acceptable  to  devise  or  to  del iberately tolerate  such 
condi t ions leading to  high mortal i ty  in order  to  permit  genet ic  
select ion is  doubtful ,  par t icular ly  in  a  commercial  farming 
enterpr ise (Haley et  al .  1987) .  Ewes could have also been 
synchronised in  groups to  ensure that  roughly equal  numbers  of  
ewes were lambing to  each s i re  over  a  given t ime per iod (eg.  one 
week)  of  the t r ia l  per iod.  This  would have the dual  effects  of  
helping to e l iminate the  varia t ion between s i re  l ines  in  the  sever i ty  
of  the weather  condi t ions encountered and ensuring that  roughly 
equal  numbers  of  lambs were being born at  any given t ime (and 
weather  condi t ion)  within the t r ia l .   
 
To remove the effects  of  insulat ion (bir thcoat  and skin 
thickness)  and behaviour  ( lamb and maternal)  from lamb cold 
tolerance,  the use of  the progressively cooled water  bath method 
developed by Samson and Slee (1981)  would have been ideal .  This  
method would have been par t icular ly sui table  for  analysing the role  
of  polymorphism in  the  ovine 3 AR gene in  neonatal  lamb cold 
tolerance (Chapter  3) ,  as  i t  would have only measured the 
thermogenic  response of  the lamb.   
 
The most  l imit ing factor  in  this  s tudy was the small  s ize  of  the 
s i re  l ines .  Larger  s i re  l ines  would have made i t  easier  to  detect  any 
var ia t ion between s i re  l ines  and to  show that  the difference 
between si re  l ines  was a  s ignif icant  di f ference.   Using more 
crossbred animals  could have also increased the genet ic  var ia t ion 
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within the s tudy,  though i t  would have been impossible  to  es tabl ish 
any within breed genet ic  effects .   
 
Variat ion between si re  l ines  in  neonatal  lamb cold mortal i ty  
due to  cold exposure within breeds was detected,  suggest ing that  
s i re  l ine  select ion is  suff ic ient  to  increase neonatal  lamb cold 
tolerance.  Bir thweight  was found to play a  major  role  in  neonatal  
lamb cold tolerance and fur ther  s tudy into the role  of  bir th  weight  
in  neonatal  cold tolerance appears  to  be warranted,  though care  
must  be taken to  avoid increasing the incidence of  dystocia .  When 
the role  of  polymorphism in the ovine 3 AR gene on neonatal  
lamb mortal i ty  and/or  lean muscle  growth was invest igated,  the 
resul ts  suggest  that  inf luence of  3 AR gene on neonatal  lamb 
mortal i ty  and/or  lean muscle  growth is  not  suff ic ient  to  be 
considered a  major  gene effect .   Further  s tudy is  just i f ied however  
owing to  some of  the experimental  diff icul t ies  encountered in  this  
s tudy.  
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Appendix 1: Cost of Neonatal Lamb Mortality due to 
Cold Exposure 
 
 
 
 
Number of Lambs Born1  
(Meat and Wool Economic Service of N.Z., 2001a)  = 35.8 million lambs 
 
 
 
15% of all lambs born die before weaning each year    15% 
(McCutcheon et al. 1981) 
 
 = 5.37 million dead 
lambs 
 
 
15% of all dead lambs die of cold exposure    15% 
(Gumbrell & Saville, 1986)  
   
 = 806 000 dead lambs 
due to cold exposure 
 
 
Average price of a lamb    $49.81 
(Meat and Wool Economic Service of N.Z., 2001b) 
 
 
 
 
Cost of neonatal lamb mortality due to cold =         $ 40 million  
exposure in New Zealand per annum. 
 
 
 
 
                                                 
1 All values are for the 2000 lambing season 
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Appendix 2: Hampshire Autopsy Report (3/9/1999) 
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samples collected on the 18.8.99 . 
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died since) . 
'fwo too th ewes hud Ilten \dc~i nat ed each year wl th Tnxovax vaccine 
On autopsy the "1IlIhs sugge s ted death had occurred in utero ve,'v 
close to being expelled . Samples were collected. 
R~SJnT~ 
Toxoplasma positive x 2 ( titre level 1 : 128) 
Stomach content s 110 Campylobacter, no Salmonella , no other 
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-2-
~ev ertlil;)less WI:: JIlU~t re v iew vaccination handling, timing and 
technique . 
Toxovax is a ,cry se nsitivc vaccine to heat and sunlight, it is 11 
livC;! val:cine uuu cxpires, or goes off . very quickly , Recommenda-
tillns suggest I:; "l1o ulu be: used within 5 days (1f arrival at 'the 
clinic Until it is time l,) use tile vaccine keep it refrigerated . 
Slluke the Tox o,ux l:ll ncent! 'dtc vigorousl y during preparation . 
En!,ure the gu ll dllll tubi:l!; is free o f material s cg disinfectant~ . 
meths etc that could harm the live vaccine. 
Use immediately after preparing and mixing. 
It should Q9J bl! u;;eu witliin four weeks of tupping hut can be used 
mu..:h earlier jf cU ll venien t cg. Oc..:cmbcl· Januar y, Vaccine immuni n· 
should last the life of the animal . 
Hope this is 0" sume help 
Yours sincerely 
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Appendix 3: Manufacturers Instructions for FTA 
Card Purification. 
 
 
 
~card' 
Cat. No.: 10786-010 
Lot No. 1074184 
lIFE~TEO-NOLOGIE5_ 
Size: 100 cards 
Store at room temperature. 
Description: 
FT A Cards are designed for the convenient collection, storage, and 
subsequent DNA puritication of blood samples for DNA analysis, 
databanking, and genomics. The specimen area is constructed from FT A 
paper, which is impregnated with a proprietary formulation. The card is 
constructed of materials that will not atTect the DNA analysis of a blood 
sample. A cover sheet protects the samples and allows the card to stand on 
its own while drying the sample. The FT A Card can be used in conjunction 
with the ULTRABARRlERTM Pouch and desiccant for shipping or long term 
storage of blood specimens . 
Quality Control: 
FTA Cards are inspected for product integrity and uniformity. 
Protocols: ! Application of blood sample: 
I .--- Spot peripheral blood directly on the overnight before processing further. FTA Card. Allow to dry I h to 
S 
I 
® 
Caution: Universal Precautions should be used when handling any 
potentially infectious human-source blood products. 
Extraction of peripheral blood DNA for PCR * analysis: 
When the cells are lysed in blood stains on FT A paper, the nuclear DNA 
from the white blood cells is immobilized within the matrix of the paper. 
Heme and other inhibitors of PCR amplitication can be removed by 
washing. After processing, the immobilized DNA is amplified directly on 
the FTA paper in the presence of the appropriate amplification mix. 
Doe. Rev .: IO/OS/99 
This product is distributed for laboratory research only. CAUTION : Not for diagnostic use. The 
safety and efficacy of this product in diagnostic or other clinical uses has nol been established. 
For technical Questions about this product. call the Ufe Technologies TeeM-LINEsM (800) 828-6686 
V 
I. Using a clean I to 3-l11m punch. remove a sample from the middle of the 
stain and place it into an amplitication tube whose minimum capacity is 
300 ~Ll. 
2. Add 200 ~d of FT A Purification Reagent to each tube. Cap each tube 
and vortex 1-2 s at low speed. 
3. Allow the tubes to sit for 5 min at room temperature with a second brief 
vortex halfway through the incubation. 
4. After the 5-l11in incubation. vortex for a third time and then carefully 
remove as much of the reagent as possible. 
S. Repeat steps 2 through 4 an additional two times for a total of three 
washes with the FT A Purification reagent. 
6. After FT A Purification Reagent has been removed tor the third time, 
add 200 ~d ofTE [10 mM Tris-HCI (pH 8.0), O. lmM EDTA). Cap each 
tube and vortex 1-2 s at low speed. 
7. Allow the tubes to sit for 5 min at room temperature with a brief vortex 
half way through the incubation. 
8. Pour ofT the TE and replace with an additional 200 III of TE. Cap each 
tube and vortex 1-2 s at low speed. 
9. Allow the tubes to sit for 5 min at room temperature with a brief vortex 
halfway through the incubation. 
10. Pour oft' the TE and allow the FT A paper punch to completely air dry. 
This will require approximately I h at room temperature . Alternatively. 
the drying can be accelerated by placing the tube with the punch at 60°C 
for 30 min. 
11. The complete PCR amplitication mix is directly added to the punch 
containing the puritied immobilized DNA. It is recommended that 
50-~d reaction volumes be used with all PCR amplitication mixes. 
Ll S
f
U
I
t
:i -   I  
& :
f
10/05
_ 
 t .
  cH t
. - 1 111
1
t
. t
mi t
5 t
t
t
L1 0.1 m
. t ll
f j.ll
. t ll
.
f
t
f
.
c
 
sO
 / 
,I 
"Welcome little fella . . . ·~r"ab a decent feed, lea/~ 
t'swim, like the cold, an' in 14 weeks we'll eat yerl" 
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